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Abstract. Malignant pleural mesothelioma (MPM) is an 
aggressive cancer for which more effective treatments are 
needed. In this study, strong to moderate staining of MET and 
ERK5 was detected in 67.1 and 48% of the analyzed 73 human 
mesothelioma tumors, and significant correlation of MET and 
ERK5 expression was identified (P<0.05). We evaluated the 
doublecortin-like kinase 1 (DCLK1) expression in human 
mesothelioma tumors. Our results showed that 50.7% of the 
immunohistochemistry analyzed human mesothelioma tumors 
have strong to moderate staining of DCLK1, and its expres-
sion is significantly correlated with MET or ERK5 expression 
(P<0.05). Also, the upregulation of DCLK1 is correlated with 
poor prognosis in MPM patients (P=0.0235). To investigate 
whether DCLK1 is downstream of MET/ERK5 signaling in 
human mesothelioma, the effect of DCLK1 expression was 
analyzed after treatments with either the MET inhibitor XL184 
or the ERK5 inhibitor XMD8-92 in human mesothelioma 
cell lines. Our results showed that the MET inhibitor XL184 
reduced the expression of phospho‑ERK5 and DCLK1 expres-

sion in human mesothelioma cell lines. In addition, the ERK5 
inhibitor XMD8-92 reduced the expression of phospho-ERK5 
and DCLK1 expression in human mesothelioma cell lines. 
Furthermore, XML184 and XMD8-92 treatment impaired 
invasion and tumor sphere formation ability of H290 mesothe-
lioma cells. These results suggest that DCLK1 is regulated by 
MET/ERK5 signaling in human mesothelioma, and the MET/
ERK5/DCLK1 signaling cascade could be further developed 
into a promising therapeutic target against mesothelioma.

Introduction

Malignant pleural mesothelioma (mesothelioma) is an aggres-
sive form of cancer that originates in the mesothelial cells of 
the pleura of the lung and is closely associated with asbestos 
exposure (1). Mesothelioma incidence has increased over 
the last several decades with deaths approximately 43,000 
worldwide annually; furthermore, decline is not expected by 
2020 (2). Combined treatment with surgery and chemotherapy 
has improved survival and quality of life for mesothelioma 
patients; however, most patients survive <12-18 months (3) 
and long-term survival is dismal (4). Therefore, more effective 
treatments and early detection strategies for mesothelioma 
patients are urgently needed.

Receptor tyrosine kinases (RTKs) have a pivotal role in 
tumor growth and metastasis, and RTKs have been associated 
with controlling the signaling cascades that result in cell trans-
formation, cell proliferation, and invasion of the transformed 
cells (5). MET protein, encoded by MET proto-oncogene, is 
an RTK and a hepatocyte growth factor (HGF) receptor (6). 
MET is responsible for the modulation of cell growth and is 
activated in a number of human mesothelioma cell lines and 
tissues (7,8). Previous studies have demonstrated that HGF 
induced mesothelioma cell proliferation through activation of 
PI3K/ERK5/Fra-1 pathway and HGF has also been shown to 
phosphorylate ERK5 in human mesothelioma cells (9). ERK5, 
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a mitogen-activated protein kinase (MAPK), is activated 
upon a double phosphorylation by the unique MAPK-ERK 
kinase 5  (MEK5). The MEK5/ERK5 pathway is essential 
for blood vessel and cardiac development (10). Moreover, the 
MEK5/ERK5 pathway is important in regulating the prolifera-
tion and survival of endothelial cells (11,12) and mesothelioma 
cells (13).

Doublecortin-like kinase 1 (DCLK1) belongs to the 
family of calmodulin-dependent kinases and binds to micro-
tubules. It is a marker for tuft cells in the small intestine and 
pancreas (14-16). DCLK1 is classified as a pancreatic cancer 
stem-cell marker and its expression is also upregulated 
in pancreatic ductal adenocarcinoma (14,17). It has been 
suggested that DCLK1 marks the tumor-initiating cells in 
numerous tumor types (18-20). Moreover, DCLK1 is also 
known to act as a regulator for several known oncogenes such 
as KRAS, NOTCH1 and c-Myc (17,21,22).

Although DCLK1 has been linked to various cancers, little 
is known about its role in the growth of human mesothelioma. 
Furthermore, the relationship between MET, ERK5, and 
DCLK1 in human mesothelioma is unknown. In this study, we 
sought to evaluate the efficacy of MET, ERK5, and DCLK1 
as possible biomarkers and potential targets for therapeutic 
development for human mesothelioma.

Materials and methods

Reagents. Monoclonal rabbit anti-human MET [EP1454Y], 
polyclonal rabbit anti-human MET (phospho Y1230 + Y1234 
+ Y1235) and polyclonal rabbit anti-human DCLK1 were 
purchased from Abcam, Inc. (Cambridge, MA, USA). Polyclonal 
rabbit anti-human ERK5 and polyclonal rabbit anti-human 
phospho-ERK5 (Thr218/Tyr220) were purchased from Cell 
Signaling, Inc. (Danvers, MA, USA). Cabozantinib (XL184) 
and XMD8-92 were purchased from Selleck Chemicals LLC 
(Houston, TX, USA).

Cell lines and cell culture. Human mesothelioma cell lines 
211H, H2052, and H28 were purchased from American Type 
Culture Collections (ATCC, Manassas, VA, USA). H290 and 
MS-1 were purchased from NIH (Frederick, MD, USA). H513 
and human normal mesothelial cell line LP9 were purchased 
from the Cell Culture Core Facility at Harvard University 
(Boston, MA, USA). The mesothelioma cell lines were main-
tained in RPMI-1640 medium supplemented with 10% (v/v) 
heat-inactivated FBS, penicillin (100 IU/ml) and streptomycin 
(100 µg/ml). LP9 was maintained in medium consisting of a 1:1 
composition of M199 and M106 medium (Life Technologies) 
supplemented with 15% (v/v) newborn calf serum (Fisher 
Scientific/Hyclone), 10 ng/ml EGF and 0.4 µg/ml hydrocor-
tisone, penicillin (100 IU/ml), and streptomycin (100 µg/ml).

Tissue samples and immunohistochemistry. Fresh mesothe-
lioma and adjacent normal pleural tissues were obtained from 
patients with malignant plural mesothelioma who underwent 
surgical resection of the primary tumor at University of 
California, San Francisco Medical Center from July 1997 to 
December 2008. Primary human mesothelioma samples from 
73 patients were fixed in formalin and embedded in paraffin 
in 4-µm tissue microarray sections. In eight of these patients, 

a small amount of normal pleural tissue had been obtained 
simultaneously to serve as controls. We only have complete 
information of 45 of the patients. For the other 28 patients, 
the information is incomplete. The average age of these 
45 patients is 68.13 years, and the median age is 69 years. The 
mean following up period for these patients is 2 years based 
on their registered last visit date. The end-point record relies 
on the notification of the deaths of these registered patients to 
the medical center and the obituary information. All human 
tissue samples were obtained and analyzed in accordance 
with procedures approved by the institutional review board 
of the University of California, San Francisco (IRB H8714-22 
942-01), and written informed consent was obtained from all 
subjects. All the methods were carried out in accordance with 
the approved guidelines.

The sections were immunostained as previously described 
(23). The sections and mesothelioma cell lines H290, H513, 
H28, 211H, MS-1 and H2052 and mesothelial cell line LP9 
were immunostained stained with the properly diluted anti-
bodies: anti-MET (ab51067) at 1:400; anti-ERK at 1:100; 
anti-DCLK1 (ab31704) at 1:300.

The following scoring system was used: -, no stain; +, weak 
staining (≥10% stained cellularity considered as positive); 
++, moderate staining (≥30% stained cellularity considered 
as positive); +++, strong staining (≥50% stained cellularity 
considered as positive). The scoring was done under a low 
power objective lens (x10) with a Zeiss Axioscop 2 microscope 
(Carl Zeiss Inc., Germany). Images were taken under a x10 or 
x20 or x40 objective lens.

Cell viability assay. Cells were cultured in a 96-well plate and 
treated with different doses of XL184 and XMD8-92 (XL184: 
0, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3,1, 3, 10 and 30 µM; XMD8‑92: 
0, 0.003, 0.01, 0.03, 0.1, 0.3,1, 3, 10, 30 and 100 µM). After 48 h 
of incubation, cells were lysed and luminescent signaling was 
generated by a CellTiter-Glo Luminescent Cell Viability assay 
reagent (Promega). Luminescent signaling was measured 
on the GloMax-96 Microplate Luminometer. Proportional 
cell viability was analyzed with GraphPad Prism 6 software 
(GraphPad Software, Inc., La Jolla, CA, USA), which was used 
to calculate dose-response curves and IC50.

Western blot analysis. Total protein was extracted from cell 
lines using M-PER Mammalian Protein Extraction reagent 
(Thermo Fisher Scientific, Waltham, MA, USA) supplied with 
Complete Protease Inhibitor Cocktails (Roche, Lewes, UK), 
according to the manufacturer's protocols. The protein concen-
trations were measured with the Pierce BCA Protein assay kit 
(Thermo Fisher Scientific). A total of 30 µg of proteins were 
run on 4-20% gradient SDS-polyacrylamide gels (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA) and transferred to 
Immobilon-P nitrocellulose membranes (Millipore, Bellerica, 
MA, USA). The membranes were blocked in 5% BSA and 
then probed with the primary antibodies overnight at 4˚C. The 
membranes were incubated with appropriate secondary anti-
bodies, either peroxidase-conjugated anti-mouse or anti-rabbit 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). GAPDH 
was used as a loading control. Then the antigen-antibody 
complexes were detected by using an ECL blotting analysis 
system (Amersham Pharmacia Biotech, Piscataway, NJ, USA).
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Quantitative real-time PCR. Total RNA was extracted from 
cells using the RNeasy Mini kit (Qiagen, Valencia, CA, 
USA). The cDNA was transcribed from 1 µg of total RNA 
using iScript cDNA Synthesis kits (Bio-Rad), according to the 
manufacturer's protocol. The cDNA was used as the template 
for real-time PCR detection using TaqMan Technology on 
an Applied Biosystems 7900HT sequence detection system 
(Applied Biosystems, Foster City, CA, USA). Expression of 
MET, ERK5, and DCLK1 genes, and endogenous control 
gene β-glucuronidase (GUSB) were detected by using 
probes commercially (Applied Biosystems) and analyzed 
using Relative Quantification Software SDS 2.4 (Applied 
Biosystems). The relative mRNA expression level of DCLK1 
in each sample was calculated using the comparative expres-
sion level 2-ΔΔCt method. All experiments were carried out in 
triplicate for each data point.

Transwell invasion assay. The Transwell invasion assay 
was performed in a 6-well plate Transwell system (Corning 
Inc., NY, USA). The Transwell inserts were coated with 
300 µl Matrigel and incubated at 37˚C for half an hour. Cells 
(3x105) of H290 and H2052 were harvested and resuspended 
in serum-free medium supplemented with 1.0 µM XL184, 
1.0 µM XMD8-92 or DMSO (0.1%) to the upper chamber of 
the Transwell. The lower chamber was infused with 2.6 ml 
complete growth medium (10% FBS). The Transwell was 
incubated at 37˚C for 20 h, and then the gel and cells in the 
upper chamber were removed. After formalin fixation, the 
membrane was stained by crystal violet (Sigma, St. Louis, 
MO, USA) for 20 min. Phase contrast images were taken and 
the cells on the lower side of the membrane were counted in 
six random visual fields under a 20x objective lens.

Tumorsphere assays. Number  (1x103) of H290 single-cell 
suspensions after treated with 0.3 µM XL184, 1.0 µM XL184, 
0.3 µM XMD8-92, 1.0 µM XMD8-92 or DMSO (0.1%) for 
48  h were plated in 24-well ultra-low attachment plates 
(Corning Inc.) in StemPro MSC SFM Basal Medium CTS 
+ StemPro MSC SFM Supplement CTS (Life Technologies, 
Grand Island, NY, USA), 2  nM L-glutamine, and peni-
cillin (100 IU/ml). Tumorspheres were cultured for 7 days. 
Tumorspheres formed in non-adherent cultures were counted 
under a 10x objective lens. The cut-off size for the spheres 
counted is 60 µm.

Statistical analysis. Data are expressed as mean ± standard 
deviation (SD) from three independent experiments. The 
Chi-square independence test was used to compare IHC results 

between the staining intensity of MET, ERK5, and DCLK1 in 
the same mesothelioma tumors. The other statistical analyses 
were performed using the GraphPad Prism (Version  6.0; 
GraphPad Software, San Diego, CA, USA). Student's t-test 
was used for comparison between two groups. One-way 
ANOVA followed by Scheffe multiple comparisons were used 
to compare the differences among multiple groups. Survival 
analysis in these 45 patients was performed by Kaplan-Meier 
analysis with GraphPad Prism (Version 6.0; GraphPad 
software). A significant difference was considered when the 
P-value from a two-tailed test was <0.05.

Results

MET, ERK5, and DCLK1 are overexpressed in human meso-
thelioma tumors. To investigate MET, ERK5, and DCLK1 
expression in human mesothelioma cells, primary human 
mesothelioma tissue samples from 73 patients were analyzed 
using immunohistochemistry. Tables I and II indicated the 
positive or negative results for MET, ERK5, and DCLK1 
staining in tissue microarray sections of human mesothelioma 
and normal pleural samples.

MET was stained in the cytoplasm of mesothelioma 
samples (Fig. 1A). In the eight normal pleural tissue samples, 
50.0% was negative, 37.5% was weak, 12.5% was moderate, 
and none of the samples had strong MET staining (Table I). 
In the 73 human mesothelioma samples, 8.2% was negative, 
24.7% was weak, 53.4% was moderate, and 13.7% had strong 
MET staining (Table II). Our results showed that moderate to 
strong staining for MET was detected in 67.1% of the analyzed 
mesothelioma tumor samples but in only 12.5% of the normal 
pleural tissues. The results of MET staining in mesothelioma 
cell lines H290, H513, H28, 211H, MS-1, and H2052 and 
normal mesothelial cell line LP9 are shown in Fig. 1B. Four 
of the tested mesothelioma cell lines H290, H513, H28 and 
211H showed strong positive staining for MET, whereas MS-1, 
H2052 and normal mesothelial cell line LP9 showed negative 
staining for MET, indicating a lack of expression (Fig. 1B).

ERK5 was stained in the cytoplasm or nuclei of mesothe-
lioma samples (Fig. 2A). In the eight normal pleural tissue 
samples, 62.5% was negative, 37.5% was weak, and none of 
the samples had moderate or strong ERK5 staining (Table I). 
In the 73 human mesothelioma samples, 19.2% was negative, 
32.8% was weak, 38.4% was moderate, and 9.6% had strong 
ERK5 staining (Table II). Our results showed that moderate to 
strong staining for ERK5 was detected in 48% of the analyzed 
mesothelioma tumor samples but not in the normal pleural 
tissues. The results of ERK5 staining in mesothelioma cell 

Table I. Positive and negative number and ratio of MET, 
ERK5, and DCLK1 in normal pleural samples.

	 - Number	 + Number	 ++ Number	 +++ Number
	 (ratio)	 (ratio)	 (ratio)	 (ratio)

MET	 4 (50.0%)	 3 (37.5%)	 1 (12.5%)	 0 (0%)
ERK5 	 5 (62.5%)	 3 (37.5%)	 0 (0%)	 0 (0%)
DCLK1	 6 (75%)	 2 (25%)	 0 (0%)	 0 (0%)

Table II. Positive and negative number and ratio of MET, 
ERK5, and DCLK1 in mesothelioma samples.

	 - Number	 + Number	 ++ Number	 +++ Number
	 (ratio)	 (ratio)	 (ratio)	 (ratio)

MET	   6   (8.2%)	 18 (24.7%)	 39 (53.4%)	 10 (13.7%)
ERK5	 14 (19.2%)	 24 (32.8%)	 28 (38.4%)	   7   (9.6%)
DCLK1	 14 (19.2%)	 22 (30.1%)	 26 (35.6%)	 11 (15.1%)
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lines H290, H513, H28, 211H, MS-1, and H2052 and normal 
mesothelial cell line LP9 are shown in Fig. 2B. The H290 cell 
line also showed strong positive staining for ERK5, whereas 
the H513 and H28 cell lines showed moderately positive 
staining for ERK5. Cell lines 211H, MS-1, H2052 and normal 

mesothelial cell line LP9 showed negative staining for ERK5 
(Fig. 2B).

DCLK1 was stained in the nuclei of normal pleural samples 
and mesothelioma samples (Fig.  3A). In the eight normal 
pleural tissue samples, 75% was negative, 25% was weak, and 

Figure 1. Immunohistochemistry of MET in normal pleural and mesothelioma samples. (A) a and b, normal pleura sample. c-h, mesothelioma samples. c and d, 
negative. e and f, moderate stain. g and h, strong stain. (B) Mesothelioma cell lines. a and b, H290, strong stain. c and d, H513, strong stain. e and f, H28, strong 
stain. g and h, 211H, strong stain. i and j, MS-1, negative. k and l, H2052, negative. m and n, normal mesothelial cell line LP9, negative.

Table III. Chi-square test for association analysis of MET and 
ERK5 expression in mesothelioma tumors (P=0.00000212; 
P<0.05, Chi-square).

	 ERK5 (-/+) (%)	 ERK5 (++/+++) (%) 
	 (n/total)	 (n/total)

ERK5 (-/+)	 30.1 (22/73)	 21.9 (16/73)
ERK5 (++/+++)	   2.8   (2/73)	 45.2 (33/73)

Table IV. Chi-square test for association analysis of MET and 
DCLK1 expression in mesothelioma tumors (P=0.00000495; 
P<0.05, Chi-square).

	 ERK5 (-/+) (%)	 ERK5 (++/+++) (%) 
	 (n/total)	 (n/total)

DCLK1 (-/+)	 28.8 (21/73)	 20.5 (15/73)
DCLK1 (++/+++)	 4.1 (3/73)	 46.6 (34/73)
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none of the samples had moderate or strong DCLK1 staining 
(Table I). In the 73 human mesothelioma samples, 19.2% was 
negative, 30.1% was weak, 35.6% was moderate, and 15.1% 
had strong DCLK1 staining (Table II). Our results showed 

that moderate to strong staining for DCLK1 was detected in 
50.7% of the analyzed mesothelioma tumor samples but not in 
the normal pleural tissues. The results of DCLK1 staining in 
mesothelioma cell lines H290, H513, H28, 211H, MS-1, H2052 
and normal mesothelial cell line LP9 are shown in Fig. 3B. 
H290 and H28 cell lines showed strong positive staining for 
DCLK1 and the H513 cell line showed moderate staining for 
DCLK1. The cell lines 211H, MS-1, H2052, and normal meso-
thelial cell line LP9 were all negative for DCLK-1 (Fig. 3B).

Our analysis also showed that, in 38.4% of the meso-
thelioma tumor samples, moderate to strong expression of 
all three proteins was detected (n=28) (Fig. 4A and Tables I 
and II). Statistical analysis revealed a significant association 
between MET, ERK5, and DCLK1 expression in these meso-
thelioma samples (P<0.05, Chi-square test) (Tables III-V). We 
analyzed the IHC staining score of MET, ERK5, and DCLK1 

Figure 2. Immunohistochemistry of ERK5 in normal pleural and mesothelioma samples. (A) a and b, normal pleura sample. c-h, mesothelioma samples. 
c and d, negative. e and f, moderate stain. g and h, strong stain. (B) Mesothelioma cell lines. a and b, H290, strong stain. c and d, H513, moderate stain. e and f, 
H28, moderate stain. g and h, 211H, negative; i and j, MS-1, negative. k and l, H2052, negative. m and n, normal mesothelial cell line LP9, negative.

Table V. Chi-square test for association analysis of ERK5 and 
DCLK1 expression in mesothelioma tumors (P=0.00001429; 
P<0.05, Chi-square).

	 ERK5 (-/+) (%) 	 ERK5 (++/+++) (%) 
	 (n/total)	 (n/total)

DCLK1 (-/+)	 38.3 (28/73)	 11   (8/73)
DCLK1 (++/+++)	 13.7 (10/73)	 37 (27/73)
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of mesothelioma samples and normal pleural tissues obtained 
from 8 patients (Fig.  4B-D). Statistical analysis indicated 
a significant higher expression of MET, ERK5 and DCLK1 
in mesothelioma samples compared to their expressions in 
normal pleural tissues obtained from the sample 8 patients.

DCLK1 upregulation correlates with poor prognosis in 
mesothelioma. DCLK1 expression was significantly higher in 
MPM patients' tissues than normal pleural tissues (Table VI) 
(P=0.000409), suggesting a possible oncogenic role of 
DCLK1 in MPM. Analyzing the associations between DCLK1 

Figure 3. Immunohistochemistry of DCLK1 in normal pleural and mesothelioma samples. (A) a and b, normal pleura sample. c-h, mesothelioma samples. 
c and d, negative. e and f, moderate stain. g and h, strong stain. (B) Mesothelioma cell lines. a and b, H290, strong stain. c and d, H513, moderate stain. e and f, 
H28, strong stain. g and h, 211H, negative. i and j, MS-1, negative. k and l, H2052, negative. m and n, normal mesothelial cell line LP9, negative.

Table VI. Results of immunohistochemistry staining of DCLK1 in normal pleural and mesothelioma samples.

	 Level of DCLK1 expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Histologic classification	 -	 +	 ++	 +++	 Total	 P-value

Normal pleural	   6   (75%)	   2    (25%)	   0      (0%)	   0     (0%)	   8
Mesothelioma	 14 (19.2%)	 22 (30.1%)	 26 (35.6%)	 11 (15.1%)	 73	 0.000986
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expression and clinicopathologic characteristics, we did 
not find significantly correlations between DCLK1 and age, 
gender, smoke status or TNM stage (Table VII). We further 
evaluated the correlation between DCLK1 expression and 
overall survival (OS) in MPM patients using Kaplan-Meier 
analysis. As shown in Fig. 5, the OS times with high DCLK1 
staining  (2-3) is significantly shorter than those with low 
DCLK1 staining (0-1) (24 vs. 21, P=0.0235), which indicated 
DCLK1 level is a potential indicator of OS survival of MPM 
patients.

MET and ERK5 inhibitors suppress cell viability of human 
mesothelioma cells. We tested the effects of MET and ERK5 
inhibitors on six mesothelioma cell lines H290, H513, H28, 
211H, MS-1, and H2052 and on the normal human mesothelial 
cell line LP9 by treating them with MET inhibitor XL184 and 
ERK5 inhibitor XMD8-92 at different doses for 48 h. Cell 
viability was assayed and IC50 of each cell line was calcu-

lated based on the dose-response curves (Fig. 4E and F and 
Table VIII). A higher dose of XL184 and XMD8-92 resulted in 
lower viability of the mesothelioma cell lines. The IC50 values 
indicate different levels of inhibitory effects of XL184 and 
XMD8-92 among the cell lines and are displayed in Fig. 4B 
and C, respectively. Importantly, four of the mesothelioma cell 
lines (H290, H513, H28 and 211H), in which strong positive 
staining with anti-MET antibody was detected by immuno-
histochemistry, showed relatively high sensitivity to the MET 
inhibitor XL184 compared to the cell lines with weak staining 
of anti-MET. In contrast, XL184 had minimal inhibitory 
effects on the viability of the normal human mesothelial cell 
line LP9. Three cell lines (H290, H513 and H28) stained posi-
tive with anti-ERK5 antibody, which also showed relative high 
sensitivity to the ERK5 inhibitor XMD8-92.

MET or ERK5 inhibition causes downregulation of MET/
ERK5/DCLK1 signaling. To assess whether inhibiting MET 

Figure 4. Immunohistochemistry of MET, ERK5, and DCLK1, and H&E staining in one mesothelioma sample and cell viability assay of XL184 and XMD8‑92. 
(A) Immunohistochemistry of MET (a and b), ERK5 (c and d) and DCLK1 (e and f) and H&E (g and h) staining in T03 mesothelioma sample. (B) Scatter 
plot of IHC score of MET from mesothelioma tissues and normal tissues from 8 patients (P<0.0001, Student's t-test). (C) Scatter plot of IHC score of MET 
from mesothelioma tissues and normal tissues from 8 patients (P<0.001, Student's t-test). (D) Scatter plot of IHC score of MET from mesothelioma tissues and 
normal tissues from 8 patients (P<0.0001, Student's t-test). (E) Cell viability assay of six mesothelioma cell lines (H290, H513, H28, 211H, MS-1 and H2052) 
and one normal mesothelial cell line LP9 after treatment with the MET inhibitor XL184. (F) Cell viability assay of six mesothelioma cell lines (H290, H513, 
H28, 211H, MS-1 and H2052) and one normal mesothelial cell line LP9 after treatment with the ERK5 inhibitor XMD8-92.
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or ERK5 affects MET/ERK5/DCLK1 signaling activity, we 
analyzed phospho-MET, MET, phospho-ERK5, ERK5 and 
DCLK1 expression in H290 and H513 cell lines treated with 
the MET inhibitor XL184 or the ERK5 inhibitor XMD8-92. 
We found that phosphor-MET, phospho-ERK5 and DCLK1 
protein level decreased after treatment with XL184 (Fig. 6A) 
or XMD8-92 (Fig. 6B) in the mesothelioma cells, as compared 
to what occurred in cells treated with DMSO. MET and ERK5 
protein level was not decreased after the treatments (Fig. 6A 
and B ). Significant decrease in mRNA levels of DCLK1 
was detected in both H290 and H513 cells after XL184 or 
XMD8-92 treatments analyzed by quantitative real-time PCR 
(Fig. 7). These results suggest that MET or ERK5 inhibition 
decreased the expression of phospho-ERK5 and DCLK1 
in H290 and H513 cells. Our proposed schema for MET/
ERK5/DCLK1 signaling in human mesothelioma is shown in 
Fig. 6C. The use of specific inhibitors, XL184 and XMD8-92, 
one targeting MET signaling and the other targeting ERK5, 
decreased the mRNA levels and protein levels of DCLK1 in 
human mesothelioma cells, suggesting that DCLK1 lies down-
stream of both MET and ERK5 signaling.

MET or ERK5 inhibition impairs invasion and tumor sphere 
formation ability of mesothelioma H290 cells. To test the effect 
of MET or ERK5 inhibition on the invasion ability of meso-
thelioma cells, a Transwell assay was performed using H290 
cells and H2052 (Fig. 8A and B). After 20 h of 1.0 µM XL184, 
1.0 µM XMD8-92 or 0.1% DMSO treatment, the number of 
the H290 cells that invaded to the lower side of the membrane 
decreased significantly compared to that in the control group 
treated with DMSO. However, 20 h of 1.0 µM XMD8-92 treat-
ment did not affect the invasion of the H2052 cells compared 
to that in the control DMSO group. Twenty hours of 1.0 µM 
XL184 treatment slightly deceased the number of the H2052 
cells invaded to the lower side of the membrane compared to 
that in the control DMSO group. The cell viability of H290 
treated with 1.0 µM XL184 and 1.0 µM XMD8-92 for 20 h 
were 84.9±1.0 and 95.2±1.5% respectively, compared to cells 
treated with 0.1% DMSO. The cell viability of H2052 was not 
affected by 1.0 µM XL184 and 1.0 µM XMD8-92 treatment for 
20 h compared to cells treated with 0.1% DMSO.

To measure the effect of EMT or ERK5 inhibition on the 
self-renewal of cancer stem cells in mesothelioma, we used 
a tumorsphere assay. Under our experimental conditions, 
H2052 and MS-1 cells could not form compact spheres after 
1-week incubation. Currently, we do not know the reason for 
this. However, H290 cells nicely formed compact spheres. 
Tumorsphere formation efficiency decreased significantly in a 
dose-dependent manner in H290 after (0.3 and 1.0 µM) XL184 
or (0.3 and 1.0 µM) XMD8-92 treatment (Fig. 8C and D).

Table VII. Association between clinicopathological character-
istics and DCLK1 protein expression in 45 cases of primary 
mesothelioma tissues with available clinicopathological infor-
mation.

	 Level of DCLK1 expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Clinical	 Total	 Low	 High	 P-value
information

Age
  <70	 23	 12 (52.2%)	 11 (47.8%)	 0.449
  ≥70	 22	   9 (40.9%)	 13 (59.1%)

Gender
  Male	 34	 18 (52.9%)	 16 (47.1%)	 0.926
  Female	 11	   6 (54.5%)	   5 (45.5%)

Smokers
  Never	 17	 8 (47.1%)	   9 (51.9%)	 0.722
  Past	 25	 14 (56.0%)	 11 (44.5%)
  Current	   3	   2 (66.7%)	   1 (33.3%)

TNM stagea

  I	   6	   4 (66.7%)	   2 (33.3%)	 0.363
  II	   9	   2 (22.2%)	   7 (77.8%)
  III	 12	   6 (50.0%)	   6 (50.0%)
  IV	   5	   2 (40.0%)	   3 (60.0%)

aIn these 45 cases, only 32 cases have complete TNM stage infor-
mation.

Figure 5. Kaplan-Meier survival curves for patients with MPM. Survival 
analysis in 45 MPM patients was performed. Patients with high (2-3) DCLK1 
IHC staining score had significant shorter survival time than those with low 
(0-1) DCLK1 IHC staining score (P=0.0235).

Table VIII. IC50 values of XL184 and XMD8-92 in six mesothelioma cell lines and a normal pleural cell line.

	 H290	 H513	 H28	 211H	 MS-1	 H2052	 LP-9

IC50 values of XL184 (µM)	 1.27	 1.54	   0.63	   0.46	   3.73	 >3	 >30
IC50 values of XMD8-92 (µM)	 2.09	 4.63	 12.50	 14.48	 11.80	 17.74	 22.87



INTERNATIONAL JOURNAL OF ONCOLOGY  51:  91-103,  2017 99

Discussion

In our study to evaluate MET, ERK5, and DCLK1 as poten-
tial biomarkers and targets for therapeutic development 

against mesothelioma, we investigated whether MET, or its 
downstream signaling partners ERK5 and DCLK1, were 
overexpressed in human mesothelioma cell lines and tissue 
samples.

Figure 6. Analysis of MET/ERK5/DCLK1 signaling expression after MET or ERK5 inhibition in mesothelioma cells. (A) Western blot analysis of p-MET/MET 
ratios, p-ERK5/ERK5 ratios and DCLK1 expression in H290 and H513 cells treated with the MET inhibitor XL184 at 1 or 3 µM. (B) Western blot analysis 
of p-ERK5/ERK5 ratios and DCLK1 expression in H290 and H513 cells treated with the ERK5 inhibitor XMD8-92 at 1 or 3 µM. Band intensity of western 
blot analysis was measured with ImageJ software. The intensity ratios (pERK5/ERK5; DCLK1/GAPDH) were labeled on the figures. (C) Proposed schema of 
MET/ERK5/DCLK1 signaling in mesothelioma.

Figure 7. The mRNA level of DCLK1 after MET or ERK5 inhibition in mesothelioma cells. The mRNA level of DCLK1 in (A) H290 and (B) H513 cells 
treated with MET inhibitor XL184 or ERK5 inhibitor XMD8-92 measured using quantitative real-time PCR (*P<0.0001, one-way ANOVA and Scheffe 
multiple comparisons).
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MET amplification has been observed in mesothelioma 
patients, suggesting that MET is an oncogenic driver and a 
potential therapeutic target for mesothelioma (24,25). Altered 
HGF/MET signaling has previously been reported in human 
mesotheliomas and this pathway plays an important role in 
tumor invasion and metastasis (26,27). MET receptor activa-
tion targets cellular functions involving cell-cell interactions, 
migration, and remodeling of extracellular matrix. Moreover, 
paracrine activation of the MET receptor via HGF regulates 
tumor-stroma interactions. Deregulated activity of MET can 
lead to many different cancers (28). Our study shows that 
MET was overexpressed in most of the human mesothelioma 
samples and it was expressed at low levels in most normal 
pleural tissues. Furthermore, MET was highly expressed in 
four (H290, H513, H28 and 211H) of six mesothelioma cell 
lines tested. Negative expression of MET was found in the 
other two mesothelioma cell lines (MS-1, H2052) and one 

normal human mesothelial cell line LP9. Different expres-
sion of MET in mesothelioma cell lines was also detected by 
Kawaguchi et al (29). The MET pathway is one of the most 
frequently dysregulated pathways in human cancer (30). To 
further analyze the interaction between the MET pathway and 
cell growth, we used the multi-target MET inhibitor XL184. 
XL184, which also affects the VEGF receptor 2 (31), and has 
significant inhibitory activity against numerous solid tumors 
including melanoma, non-small cell lung cancer, breast cancer, 
liver cancer, ovarian cancer, and prostate cancer (32-35). The 
US FDA approved XL184 for the treatment of medullary 
thyroid cancer in November 2012 (36) and for the treatment of 
advanced renal cell carcinoma in April 2016 (37). Interestingly, 
four analyzed human mesothelioma cell lines (H290, H513, 
H28 and 211H) which had high expression of MET showed 
relative high sensitivity (IC50, H290-1.27 µM; H513-1.54 µM; 
H28-0.62 µM; 211H-0.46 µM) to the MET inhibitor XL184. 

Figure 8. Analysis of cell invasion and tumorsphere formation after XMD8-92 and XL184 in mesothelioma cells. (A) Decrease in cell invasion ability in H290 
and H2052 cells after 1 µM XL184 and 1 µM XMD3-92 treatment. Images were taken under a 10x objective lens. (B) Quantitative analysis of the number 
of cells that invaded the lower side of the membrane in each experimental group (***P<0.001, *P<0.05, one-way ANOVA and Scheffe multiple comparisons). 
(C) Decrease in sphere formation ability in H290 cells after XMD8-92 and XL184 treatment. Images were taken under a 10x objective lens. (D) Quantitative 
analysis of tumorsphere assay shows XMD8-92 and XL184 treatment decreased tumorsphere formation ability in H290 cells (***P<0.001, P<0.001, one-way 
ANOVA and Scheffe multiple comparisons).
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XL184 showed only minimal inhibitory effects on the viability 
of the normal human mesothelial cell line LP9. The prognosis 
for mesothelioma patients is poor with current surgery and 
chemotherapy. Our study demonstrated the specific targeting 
and high sensitivity of XL184 to mesothelioma cells, which 
indicated that XL184 alone or in combination with other drugs 
could be worth to performing clinical trials on mesothelioma 
patients. Furthermore, XL184 significantly inhibited the 
invasion and tumorsphere formation ability of H290. This 
supported XL184 may prevent tumor invasion and metas-
tasis. Our data suggested that MET is a potential therapeutic 
biomarker, and MET inhibitors such as XL184 may be effec-
tive therapeutics for patients with mesothelioma. However, in 
the present study we cannot rule out the possible contributions 
by the inhibition of other targets of XL184 such as VEGFR2 
and RET. Further studies are needed to validate the potential 
of MET as an effective therapeutic target and XL184 as an 
effective therapy for patients with malignant mesothelioma in 
the future.

ERK5 and its upstream kinases enhance cell proliferation, 
angiogenesis, invasion, and metastasis (38). In a mouse model, 
ERK5 knockdown increases tumor epithelialization and 
suppresses intravascular invasion by reducing the generation 
of circulating tumor cells (CTCs) and the formation of lung 
metastases in human breast cancer cells (39). ERK5 has also 
been associated with cancer cell proliferation and survival, 
and activation by growth factor stimuli (40,41). Studies have 
shown that HGF promotes proliferation of human mesothe-
lioma cells via ERK5 activation (9). We also observed ERK5 
expression in human mesothelioma tumor samples. ERK5 
was highly expressed in three cell lines (H290, H513 and 
H28) of six mesothelioma cell lines. To further investigate 
the role of the MAPK/ERK pathway, which is important for 
cancer cell growth and proliferation (42), we used XMD8-92, 
which is a small molecule inhibitor of ERK5 (43,44). The 
same three cell lines also showed relative high sensitivity 
to the ERK5 inhibitor XMD8-92. However, the sensitivity 
of these cell lines to XMD8-92 is less than the sensitivity 
to XL184 based on the IC50 of these two inhibitors. Like 
XL184, XMD8-92 significantly inhibited the invasion and 
tumorsphere formation ability of H290. Our data suggested 
that ERK5 may be a potential therapeutic target for patients 
with mesothelioma.

The role of DCLK1 in cancer has only recently been 
investigated (45). DCLK1 is overexpressed in several forms 
of cancer including colon and pancreatic cancer (46). DCLK1 
kinase activity may play a critical role in several important 
pathways involving cell proliferation, cell cycle regulation, 
epithelial mesenchymal transition (EMT), and stem-cell like 
properties in cancer (45). DCLK1 is a cancer stem cell (CSC) 
marker and a potential therapeutic target for pancreatic ductal 
adenocarcinoma treatment (47), however, its role in human 
mesotheliomas is unclear. Our study demonstrated that DCLK1 
was overexpressed in 47.9% of the analyzed human mesothe-
lioma tissue samples and was highly expressed in three (H290, 
H513 and H28) of the six analyzed mesothelioma cell lines, 
indicating an important role of DCLK1 in malignant mesothe-
lioma. The statistical analysis of the immunohistochemistry 
results showed significant association between MET, ERK5 
and DCLK1 expression in mesothelioma tissue arrays of the 

73 tumor samples. MET, ERK5, and DCLK1 were all highly 
expressed in three cell lines (H290, H513 and H28) of six 
mesothelioma cell lines studied. These results suggest that 
MET, ERK5, and DCLK1 could be closely regulated in human 
mesothelioma. Moreover, DCLK1 expression was negatively 
associated with overall survival time of MPM patients, indi-
cating DCLK1 may serve as a predictor for prognosis of MPM 
patients.

Constitutive activation of ERK5 in various malignant 
mesothelioma cell lines could be a consequence of acti-
vated MET (48). Our results showed that treatment with 
MET inhibitor XL184 downregulated the protein levels of 
phospho‑ERK5 and DCLK1 (Fig. 6A). After XL184 treatment, 
the DCLK1 mRNA levels also deceased in a dose‑dependent 
manner (Fig. 7). Regulation of ERK5 expression is impor-
tant in cancer cells (49,50). The ERK5 inhibitor XMD8-92 
can suppress the activity of ERK5 in the vasculature integ-
rity of animals (51) and inhibits DCLK1-mediated kinase 
activity (44). XMD8-92-mediated DCLK1 inhibition results 
in suppression of downstream oncogenic signaling, i.e., EMT, 
angiogenesis, pluripotency, and anti-apoptotic activity (52). 
We found that XMD8-92 not only decreased the protein levels 
of phospho-ERK5, but also decreased the protein levels of 
DCLK1 in mesothelioma cells (Fig. 6B). After XMD8-92 
treatment, the DCLK mRNA levels also deceased in a dose-
dependent manner (Fig. 7). Our results show that this MET/
ERK5/DCLK1 signaling (Fig. 6C) activity could be important 
for cell growth in mesotheliomas and these small molecule 
inhibitors could be investigated for their therapeutic potential 
against mesotheliomas.

In conclusion, we found that MET, ERK5, and DCLK1 are 
overexpressed in several human mesothelioma cell lines and 
human mesothelioma tumor tissues. DCLK1 may serve as a 
predictor for prognosis of MPM patients. Moreover, our results 
suggest that DCLK1 is regulated by MET/ERK5 signaling in 
human mesothelioma, and MET and ERK5 could be further 
developed into a promising therapeutic target against meso-
thelioma.
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