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Background:  MET  splice  site  mutations  resulting  in an  exon  14  deletion  have  been  reported  to be present
in  about  3%  of  all  lung  adenocarcinomas.  Patients  with  lung  adenocarcinoma  and  a  MET  splice  site  muta-
tion who  have  responded  to  MET  inhibitors  have  been  reported.  The  CRISPR/Cas9  system  is a  recently
developed  genome-engineering  tool that  can easily  and  rapidly  cause  small  insertions  or  deletions.
Materials  and  methods:  We  created  an  in  vitro model  for MET  exon  14  deletion  using  the CRISPR/Cas9
system  and the  HEK293  cell  line.  The  phenotype,  which  included  MET  inhibitor  sensitivity,  was  then
investigated  in vitro.  Additionally,  MET  splice  site mutations  were  analyzed  in several  cancers  included
in  The  Cancer  Genome  Atlas  (TCGA)  dataset.
Results:  An  HEK293  cell  line  with  a MET  exon  14  deletion  was  easily  and  rapidly  created;  this  cell  line  had
a  higher  MET  protein  expression  level,  enhanced  MET  phosphorylation,  and prolonged  MET  activation.  In
addition,  a direct comparison  of  phenotypes  using  this  system  demonstrated  enhanced  cellular  growth,
colony  formation,  and  MET  inhibitor  sensitivity.  In the  TCGA  dataset,  lung  adenocarcinomas  had  the  high-
est  incidence  of MET  exon  14 deletions,  while  other  cancers  rarely  carried  such  mutations.  Approximately

10%  of  the  lung  adenocarcinoma  samples  without  any  of driver  gene  alterations  carried  the  MET  exon  14
deletion.
Conclusions:  These  findings  suggested  that  this  system  may  be useful  for experiments  requiring  the
creation  of  specific  mutations,  and  the  present  experimental  findings  encourage  the  development  of
MET-targeted  therapy  against  lung  cancer  carrying  the  MET  exon  14  deletion.

© 2015  Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

Lung cancer is the leading cause of cancer-related mortality
orldwide, and approximately 80% of lung cancers are classified

s non-small-cell lung cancer (NSCLC) [1]. The identification of epi-
ermal growth factor receptor gene mutations (EGFR mutations)
s oncogenic driver mutations in a subset of patients with NSCLC,
oupled with the development of EGFR tyrosine kinase inhibitors,
as opened the door to a new era in the treatment of this disease
Please cite this article in press as: Y. Togashi, et al., MET gene exon 14 
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2–7]. Although the most prevalent mutated or rearranged onco-
enes identified in NSCLC are EGFR, KRAS, ALK, RET, and ROS1, a

∗ Corresponding author at: Department of Genome Biology, Kinki University
aculty of Medicine, 377-2 Ohno-higashi, Osaka-Sayama, Osaka 589-8511, Japan.
ax: +81 72 367 6369.

E-mail address: knishio@med.kindai.ac.jp (K. Nishio).

ttp://dx.doi.org/10.1016/j.lungcan.2015.10.020
169-5002/© 2015 Elsevier Ireland Ltd. All rights reserved.
subset of unknown alterations seems to persist, and the further
identification of new molecular targets is required [8].

MET  is a receptor tyrosine kinase (RTK) that was  first charac-
terized as a protooncogene in 1984 in a chemically transformed
osteosarcoma cell line [9]. The natural ligand for MET  is hepato-
cyte growth factor (HGF), also known as scatter factor [10]. After
HGF binding, MET  undergoes dimerization and phosphorylation,
which in turn promotes the recruitment of downstream effec-
tor proteins leading to the activation of multiple signal cascades,
including the MAPK, PI3K/AKT, STAT, and NF-kB pathways [11].
The aberrant activation of MET  promotes oncogenicity in a sub-
set of several malignancies including lung adenocarcinoma, gastric
cancer, and so on [12–14]. A variety of mechanisms can activate
the MET  signal, including MET  gene amplification, protein over-
deletion created using the CRISPR/Cas9 system enhances cellular
dx.doi.org/10.1016/j.lungcan.2015.10.020

expression, activating point mutations, and the induction of its
ligand HGF [11,15]. Previous studies have demonstrated that a MET
splice site mutation that results in an exon 14 deletion induces MET
activity and may  be associated with the sensitivity to MET  inhibi-

dx.doi.org/10.1016/j.lungcan.2015.10.020
dx.doi.org/10.1016/j.lungcan.2015.10.020
http://www.sciencedirect.com/science/journal/01695002
http://www.elsevier.com/locate/lungcan
mailto:knishio@med.kindai.ac.jp
dx.doi.org/10.1016/j.lungcan.2015.10.020
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ion [16,17], and we previously reported that about 3% of all lung
denocarcinomas carry this mutation exclusively of other known
river mutations (EGFR, HER2, and KRAS) [18]. Indeed, frequent
ET  splice site mutations have been recently described in whole

xome sequencing discovery efforts in lung adenocarcinoma [19].
rizotinib, a multitargeted tyrosine kinase inhibitor that has activ-

ty in ALK- or ROS1-rearranged lung adenocarcinoma [20,21], was
nitially designed as a MET  inhibitor [22], and patients with lung
denocarcinoma and a MET  splice site mutation who  responded to
rizotinib have been reported [17,23,24].

The CRISPR/Cas9 (clustered regularly interspaced short palin-
romic repeat/CRISPR-associated 9) system is a recently developed
enome-engineering tool based on the bacterial CRISPR immune
ystem, in which guideRNA (gRNA) recruits the Cas9 nuclease to
he target locus in the genome through sequence complementar-
ty and induces double-strand breaks (DSBs) [25–29]. These DSBs
ause small insertions or deletions following non-homologous end-
oining repair or can be utilized to introduce defined sequence

odifications through a homology-dependent repair mechanism
25–29]. In the present study, we applied the CRISPR/Cas9 system
o create a MET  exon 14 deletion in vitro model, and the result-
ng phenotype, including its sensitivity to a MET  inhibitor, was
nvestigated.

. Materials and methods

.1. Database analysis

To analyze the prevalence of genomic alterations of the MET
ene, the cBioPortal for Cancer Genomics database (http://www.
bioportal.org/public-portal/) was searched [30,31]. Both copy
umber variations and gene mutation data were analyzed across
ancer types. In The Cancer Genome Atlas (TCGA) dataset (http://
ancergenome.nih.gov/), several cancers were analyzed for MET
plice site mutations.

.2. Cell cultures and reagents

The HEK293 cell line (human embryonic kidney cell line) was
aintained in DMEM medium (Nissui Pharmaceutical, Tokyo,

apan) supplemented with 10% FBS (GIBCO BRL, Grand Island, NY)
n a humidified atmosphere of 5% CO2 at 37 ◦C. The HEK293 cell
ine was obtained from ATCC and was authenticated using a short
andem repeat method. Crizotinib was purchased from Selleck
hemicals (Houston, TX). HGF was purchased from R&D Systems
Minneapolis, MN).

.3. Plasmid construction and transfectants

pU6-gRNA/CMV-Cas9-GFP vectors including custom-designed
RNAs (gRNA-1 and gRNA-2) were purchased from Sigma-Aldrich
St. Louis, MO)  (Supplementary Fig. S1). The vectors were trans-
ected into HEK293 cells using FuGENE6 transfection reagent
Roche Diagnostics, Basel, Switzerland). After 48 h of transfec-
ion, GFP-positive cells were collected using flow cytometry (BD
iosciences, San Jose, CA) and a single clone was selected. After
onfirmation, the edited and unedited cell lines were designated
s HEK293/Ex14Del-1, HEK293/Ex14Del-2, HEK293/Control-1, and
EK293/Control-2, respectively.

.4. gRNA design
Please cite this article in press as: Y. Togashi, et al., MET gene exon 14 
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The gRNAs were designed by searching for “GG” or “CC”
equences (protospacer adjacent motif; PAM) near the target
ites and were defined as NGG or the reverse complement
equence of CCN. The following gRNAs were used in this
 PRESS
r xxx (2015) xxx–xxx

study: gRNA-1, 5′-TGTTAAAGACGGCTATCATGGG-3′; gRNA-2, 5′-
CCTATACATATACCTCAGTGGG-3′ (Fig. 1).

2.5. Sequencing

The PCR reactions were performed using TaKaRa ExTaq (TaKaRa,
Otsu, Japan). The PCR products were then directly sequenced using
the BigDye Terminator v3.1 sequencing kit (Applied Biosystems,
Foster City, CA), as previously described [32]. The following primers
were used: MET  intron 13-F, 5′-GATTGCTGGTGTTGTCTCAATATC-
3′; MET  intron 14-R, 5′-TGTCAAATACTTACTTGGCAGAGGTAAA-3′.

2.6. Analysis of MET  exon 14 deletion

One microgram of total RNA from the cultured cell lines was
converted to cDNA using the GeneAmp RNA-PCR kit (Applied
Biosystems). The used primers were designed in MET  exon 13 and
MET  exon 15 so as to interleave MET  exon 14 as follows: MET  exon
13-F, 5′-GGATTGATTGCTGGTGTTGTCT-3′; and MET  exon 15-R, 5′-
GCACTTGTCGGCATGAACC-3′.

2.7. Real time reverse transcription PCR (RT-PCR)

Real time RT-PCR was performed using SYBR Premix Ex Taq
and Thermal Cycler Dice (TaKaRa), as previously described [33].
Glyceraldehyde 3-phosphate dehydrogenase (GAPD, NM 002046)
was used to normalize the expression levels in subsequent quan-
titative analyses. The experiment was  performed in triplicate. To
amplify the target genes encoding MET, the following primers
were used: MET  exon 11/12-F, 5′-GGGCAATGAAAATGTACTGGAA-
3′; MET  exon 11/12-R, 5′-ATTGGGGACCGTGCATAAAA-3′; MET
exon 14/15-F, 5′-TGAGTACCGGAGACAGGTGCAG-3′; and MET  exon
14/15-R, 5′-TAGCAGCTTCAACGGCAAAGTTC-3′.

2.8. Antibody

Rabbit antibodies specific for MET, phospho-MET, ERK1/2,
phospho-ERK1/2, and �-actin were obtained from Cell Signaling
(Beverly, MA).

2.9. Western blot analysis

A western blot analysis was  performed as described previ-
ously [32]. Briefly, subconfluent cells were washed with cold
phosphate-buffered saline (PBS) and harvested with Lysis A buffer
containing 1% Triton X-100, 20 mM Tris–HCl (pH7.0), 5 mM EDTA,
50 mM sodium chloride, 10 mM sodium pyrophosphate, 50 mM
sodium fluoride, 1 mM sodium orthovanadate, and the protease
inhibitor mix  CompleteTM (Roche Diagnostics). Whole-cell lyses
were separated using SDS-PAGE and were blotted onto a polyvinyli-
dene fluoride membrane. After blocking with 3% bovine serum
albumin in a TBS buffer (pH 8.0) with 0.1% Tween-20, the mem-
brane was  probed with the primary antibody. After rinsing twice
with TBS buffer, the membrane was  incubated with a horseradish
peroxidase-conjugated secondary antibody and washed, followed
by visualization using an ECL detection system and LAS-4000 (GE
Healthcare, Buckinghamshire, United Kingdom).

2.10. Cellular growth assay
deletion created using the CRISPR/Cas9 system enhances cellular
dx.doi.org/10.1016/j.lungcan.2015.10.020

The cellular growth assay was performed using a 3, 4, 5-
dimethyl-2H-tetrazolium bromide assay (MTT; Sigma–Aldrich), as
described previously [34]. The experiment was  performed in trip-
licate.

dx.doi.org/10.1016/j.lungcan.2015.10.020
http://www.cbioportal.org/public-portal/
http://www.cbioportal.org/public-portal/
http://www.cbioportal.org/public-portal/
http://www.cbioportal.org/public-portal/
http://www.cbioportal.org/public-portal/
http://www.cbioportal.org/public-portal/
http://www.cbioportal.org/public-portal/
http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
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ig. 1. A schematic illustration showing the locations of the gRNAs, along with the 

rotospacer adjacent motif (PAM) sequences. The gray halftones indicate MET exon

.11. Soft-agar assay

The soft-agar assay was performed as described previously [17].
riefly, 20,000 HEK293 transfectant cells were suspended in 0.4%
garose with 10% FBS in DMEM and were then plated in a 6-well
late for 2 weeks.

.12. In vitro growth inhibition assay

The growth-inhibitory effect of crizotinib was examined using
n MTT  assay, as described previously [32]. The experiment was
erformed in triplicate.

.13. Statistical analysis

Continuous variables were analyzed using the Student t-test,
nd the results were expressed as the average and standard devi-
tion (SD). The statistical analyses were two-tailed and were
erformed using Microsoft Excel (Microsoft, Redmond, WA). A P
alue of less than 0.05 was considered statistically significant.

. Results

.1. Frequency of MET  exon 14 deletion in databases

We  investigated the frequency of MET  gene alterations in major
ancers using the cBioPortal for Cancer Genomics database (http://
ww.cbioportal.org/public-portal/) (Supplementary Fig. S2). Fur-

hermore, MET  splicing site mutations (MET  exon 14 deletions)
ere analyzed using the TCGA dataset (Table 1). These cancers were

elected because some were reported to have a high frequency of
ET  alterations, some were common cancers, and the others were

eported to have MET  exon 14 deletions [17]. As shown in Table 1,
ung adenocarcinoma had the highest incidence of MET exon 14
eletions, while the other cancers rarely carried such mutations. In
he lung adenocarcinoma TCGA dataset, the MET exon 14 deletion
Please cite this article in press as: Y. Togashi, et al., MET gene exon 14 
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as exclusive of other known driver gene alterations (EGFR, KRAS,
RAF, HRAS, NRAS, MAP2K1, ALK, RET, and ROS1). Approximately 10%
f the samples without any of these alterations had the MET exon
4 deletion (10/101) [19].
n MET locus. The bars and letters indicate the position of the gRNA targets with the

3.2. CRISPR/Cas9 system induced deletions near the MET  exon 14
splicing site

To create MET exon 14 deletions using the CRISPR/Cas9 sys-
tem, two gRNAs were designed near the splicing site of MET
exon 14 (gRNA-1 and gRNA-2) after considering the off-target
effects (Fig. 1). After transfection into the HEK293 cell line, GFP-
positive cells were collected using flow cytometry and single cell
cloning was  performed. Six clones were created for both trans-
fectant cell lines. For each clone, the deletion of the splicing site
of MET exon 14 was confirmed by direct sequencing (Fig. 2), and
the confirmed clones were designated as HEK293/Ex14Del-1 and
HEK293/Ex14Del-2, respectively. Clones in which no deletion of the
splicing site was  present were designated as HEK293/Control-1 and
HEK293/Control-2, respectively.

In the HEK293/Ex14Del-1 cell line, a 183-bp region around
the splicing site of MET exon 14 was  deleted in one allele,
and a 7-bp region was deleted in another allele (Fig. 2). In the
HEK293/Ex14Del-2 cell line, a 167-bp region around the splicing
site of MET  exon 14 was  deleted in one allele, and a 2-bp region
was deleted in another allele (Fig. 2).

3.3. Creation of MET exon 14 deletion using the CRISPR/Cas9
system

To confirm the deletion of MET exon 14, primers that were
interleaved with MET  exon 14 were designed for exon 13 (MET
exon 13-F) and exon 15 (MET exon 15-R) (Fig. 3A). The wild-type
allele was amplified to 277 bp, and the deleted allele was ampli-
fied to 136 bp. The 277-bp band was only amplified in the HEK293,
HEK293/Control-1, HEK293/Control-2, A549, and EBC-1 cell lines,
whereas both bands were amplified in the HEK293/Ex14Del-1 and
HEK293/Ex14Del-2 cell lines; these two bands were concentrated
equally (Fig. 3A).

Next, to quantitate the expressions, real time RT-PCR was per-
formed. The product that was  amplified by the MET  exon 11/12
primers represented the expression of whole MET  mRNA, while the
product that was  amplified by the MET  exon 14/15 primers repre-
deletion created using the CRISPR/Cas9 system enhances cellular
dx.doi.org/10.1016/j.lungcan.2015.10.020

sented the expression of MET mRNA with exon 14. The expression
of MET  mRNA with exon 14 was about half of that of whole MET
mRNA in the HEK293/Ex14Del-1 and HEK293/Ex14Del-2 cell lines
(Fig. 3B). These findings indicated that the MET exon 14 deletion

dx.doi.org/10.1016/j.lungcan.2015.10.020
http://www.cbioportal.org/public-portal/
http://www.cbioportal.org/public-portal/
http://www.cbioportal.org/public-portal/
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http://www.cbioportal.org/public-portal/
http://www.cbioportal.org/public-portal/
http://www.cbioportal.org/public-portal/
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Table 1
MET  gene alterations in TCGA.

Dataset Number Mutation Amp Del Multiple Total Exon 14 deletion

Lung Adenocarcinoma 230 18 (7.8%) 7 (3.0%) 1 (0.4%) 1 (0.4%) 27 (11.7%) 10 (4.3%)
Lung  Squamous Cell Carcinoma 178 2 (1.1%) 2 (1.1%) 0 (0.0%) 0 (0.0%) 4 (2.2%) 0 (0.0%)
Esophageal Carcinoma 184 NAa 7 (3.8%) 3 (1.6%) 0 (0.0%) 10 (5.4%) 0 (0.0%)
Stomach Adenocarcinoma 287 5 (1.7%) 11 (3.8%) 0 (0.0%) 1 (0.3%) 17 (5.9%) 0 (0.0%)
Colorectal Adenocarcinoma 212 4 (1.9%) 1 (0.5%) 1 (0.5%) 0 (0.0%) 6 (2.8%) 0 (0.0%)
Liver  Hepatocellular Carcinoma 193 0 (0.0%) 6 (3.1%) 0 (0.0%) 0 (0.0%) 6 (3.1%) 0 (0.0%)
Renal  Papillary Cell Carcinoma 161 15 (9.3%) 3 (1.9%) 0 (0.0%) 0 (0.0%) 18 (11.2%) 0 (0.0%)
Renal  Clear Cell Carcinoma 415 2 (0.5%) 5 (1.2%) 0 (0.0%) 0 (0.0%) 7 (1.7%) 0 (0.0%)
Renal  Chromophobe Cell Carcinoma 65 0 (0.0%) 1 (1.5%) 0 (0.0%) 0 (0.0%) 1 (1.5%) 0 (0.0%)
Bladder Urothelial Carcinoma 127 4 (3.1%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 4 (3.1%) 0 (0.0%)
Prostate Adenocarcinoma 333 3 (0.9%) 3 (0.9%) 3 (0.9%) 0 (0.0%) 9 (2.7%) 0 (0.0%)
Ovarian Serous Cystadenocarcinoma 316 4 (1.3%) 5 (1.6%) 1 (0.3%) 0 (0.0%) 10 (3.2%) 0 (0.0%)
Uterine Corpus Endometrioid Carcinoma 240 13 (5.4%) 1 (0.4%) 0 (0.0%) 0 (0.0%) 14 (5.8%) 0 (0.0%)
Breast  Carcinoma 482 2 (0.4%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 2 (0.4%) 0 (0.0%)
Melanoma 278 18 (6.5%) 9 (3.2%) 0 (0.0%) 2 (0.7%) 29 (10.4%) 0 (0.0%)
Glioma  286 2 (0.7%) 8 (2.8%) 0 (0.0%) 1 (0.3%) 11 (3.8%) 1 (0.3%)
Glioblastoma 281 1 (0.4%) 7 (2.5%) 0 (0.0%) 0 (0.0%) 8 (2.8%) 0 (0.0%)
Adenocortical Carcinoma 88 0 (0.0%) 0 (0.0%) 1 (1.1%) 0 (0.0%) 1 (1.1%) 0 (0.0%)
Sarcoma 257 0 (0.0%) 7 (2.7%) 0 (0.0%) 0 (0.0%) 7 (2.7%) 0 (0.0%)

Abbreviations:  Amp, amplification; Del, deletion.
a Mutation data is not available.

Fig. 2. Results of the sequence analysis of the MET exon 14 locus. The MET exon 14 locus around the gRNAs target site was amplified and directly sequenced. (A)
H n 14 
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EK293/Ex14Del-1 cell line: a 183-bp region around the splicing site of MET exo
nother  allele. (B) HEK293/Ex14Del-2 cell line: a 167-bp region around the splicing
eleted  in another allele. (C) Diagram of the MET  gene in the transfectant HEK293 c
Please cite this article in press as: Y. Togashi, et al., MET gene exon 14 
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as created by the CRISPR/Cas9 system and that wild-type MET
RNA was expressed at a level similar to that of exon 14-deleted
ET  mRNA in these cell lines. A western blot analysis revealed that

he HEK293/Ex14Del cell lines exhibited bands that were slightly
(gRNA-1 target site) was deleted in one allele, and a 7-bp region was deleted in
f MET  exon 14 (gRNA-2 target site) was deleted in one allele, and a 2-bp region was
es.
deletion created using the CRISPR/Cas9 system enhances cellular
dx.doi.org/10.1016/j.lungcan.2015.10.020

smaller than the wild-type MET  band, indicating that the protein of
exon 14-deleted MET  was expressed in these cell lines. In addition,
the bands of exon 14-deleted MET  were more concentrated than
the wild-type band, suggesting that the protein expression of exon

dx.doi.org/10.1016/j.lungcan.2015.10.020
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Fig. 3. Expression of exon 14-deleted MET. (A) PCR products amplified from cDNA. To confirm the deletion of MET  exon 14, primers that interleaved MET  exon 14 were
designed for exon 13 and 15. The wild-type allele was  amplified to 277 bp, and the deleted allele was amplified to 136 bp. The 277-bp band was only amplified in the HEK293,
HEK293/Control-1, HEK293/Control-2, A549, and EBC-1 cell lines, whereas both bands were amplified in the HEK293/Ex14Del-1 and HEK293/Ex14Del-2 cell lines. The two
bands  were equally concentrated. The H596 cell line, which only expressed exon 14-deleted MET, was used as a positive control. (B) Real time RT-PCR. To quantitate the
expression, real time RT-PCR was performed. The experiment was  performed in triplicate. The product amplified by the MET  exon 11/12 primers represented the expression
of  whole MET  mRNA, whereas the product amplified by the MET  exon 14/15 primers represented the expression of MET  mRNA with exon 14. The expression of MET  mRNA
with  exon 14 was about half of the expression of whole MET mRNA in the HEK293/Ex14Del-1 and HEK293/Ex14Del-2 cell lines. The expressions of whole MET  mRNA in the
HEK293, HEK293/Control-1, HEK293/Control-2, A549, and EBC-1 cell lines were similar to those of MET mRNA with exon 14. In contrast, the H596 cell line had no expression
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f  MET mRNA with exon 14. Column, mean of independent triplicate experiments; er
sing  a western blot analysis. The (b) bands, which were slightly smaller than the w
ell  lines. Furthermore, these (b) bands were more concentrated than the wild-type

4-deleted MET  was higher than that of wild-type MET, despite the
imilar mRNA expression levels (Fig. 3C).

.4. MET  exon 14 deletion enhanced cellular growth and colony
ormation

To evaluate the role of exon 14-deleted MET, cellular growth
nd soft agar assays were performed. The cellular growth of the
EK293/Ex14Del cell lines was enhanced, compared with that of

he controls (Fig. 4A). Furthermore, the colony formation of the
EK293/Ex14Del cell lines was also enhanced (Fig 4B). The exon
4-deleted MET  was slightly more phosphorylated than wild-type
ET  even without HGF stimulation. In addition, as described in a

revious study [16], the phosphorylation of MET  was prolonged by
GF stimulation in the HEK293/Ex14Del cell lines, resulting in the
rolonged phosphorylation of ERK1/2. Furthermore, along with the
rotein expression of MET, the phosphorylation levels were higher

or exon 14-deleted MET  than for the wild-type MET  (Fig. 4C).

.5. MET  exon 14 deletion enhanced sensitivity to a MET inhibitor

Next, to investigate the influence of the MET exon 14 deletion
Please cite this article in press as: Y. Togashi, et al., MET gene exon 14 
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n MET  inhibitor sensitivity, a growth inhibition assay for crizo-
inib was performed using an MTT  assay. The HEK293/Ex14Del cell
ines were more sensitive to crizotinib than the controls (Fig. 5A).
he 50% inhibitory concentrations (IC50) of each of the cell lines
rs, SD; *, P < 0.05. (C) Western blot analysis. The protein expressions were evaluated
pe MET  (a) bands, were observed in the HEK293/Ex14Del-1 and HEL293/Ex14Del-2

 (a) bands in these cell lines. �-actin was used as an internal control.

to crizotinib were Ex14Del-1, 0.49 �M vs. Control-1, 2.23 �M and
MET14Del-2, 0.35 �M vs. Control-2, 1.79 �M,  respectively. The
enhanced phosphorylation of MET  and ERK1/2 was greatly inhib-
ited by crizotinib in the HEK293/Ex14Del cell lines, whereas the
phosphorylation was slightly inhibited in the controls (Fig. 5B), pos-
sibly explaining the reason for the higher sensitivities to the MET
inhibitor in the HEK293/Ex14Del cell lines.

4. Discussion

The RNA-guided enzyme Cas9, which originated from the
CRISPR/Cas adaptive bacterial immune system, is transforming
biology by providing a genome-engineering tool. The CRISPR/Cas9
system has been used to introduce defined genetic modifications
to both cultured cell systems and in vivo systems. We  easily and
rapidly created cell lines with an MET  exon 14 deletion using this
system. Our experiments using these cell lines indicated that MET
exon 14 deletions enhanced cellular growth, colony formation, and
MET  inhibitor sensitivity. To the best of our knowledge, this is the
first study to create an in vitro model of MET exon 14 deletion using
the CRISPR/Cas9 system.

In 2012, Jinek et al. demonstrated, for the first time, that the
deletion created using the CRISPR/Cas9 system enhances cellular
dx.doi.org/10.1016/j.lungcan.2015.10.020

CRISPR/Cas9 system is an efficient tool for editing the genomes
of human cells [29]. The CRISPR-associated protein Cas9 is an
endonuclease that uses a guide sequence within an RNA duplex,
tracrRNA:crRNA, to form base pairs with DNA target sequences,

dx.doi.org/10.1016/j.lungcan.2015.10.020
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Fig. 4. Cellular growth and colony formation of the transfectant cell lines. (A) Cellular growth of each transfectant cell line. Cellular growth was evaluated using an MTT
assay,  and the experiment was  performed in triplicate. The cellular growth of both MET exon 14-deleted cell lines was enhanced, compared with the controls. Line, mean of
independent triplicate experiments; error bars, SD; *, P < 0.05. (B) Colony formation of each transfectant cell line. Colony formation was  evaluated using a soft-agar assay. The
colony  formation of the HEK293/Ex14Del cell lines was enhanced, compared with the controls. Scale bar, 100 �m (C) Western blot analysis. Without HGF  stimulation (0 h), the
phosphorylation levels of MET and ERK1/2 were slightly increased in the MET exon 14-deleted cell lines, compared with the controls. In addition, the phosphorylation levels
of  MET  and ERK1/2 were maintained after HGF stimulation in the MET exon 14-deleted cell lines, whereas the phosphorylation levels decreased 3 or 6 h after stimulation in
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hat  in the controls. �-actin was used as an internal control.

nabling Cas9 to introduce a site-specific DSB into the DNA. The
RISPR system from S. pyogenes has been adapted for induc-

ng sequence-specific DSBs and targeted genome editing. Twenty
ucleotides at the 5′ end of the gRNA (corresponding to the pro-
ospacer portion of the crRNA) direct Cas9 to a specific target DNA
ite using standard RNA-DNA complementarity base-pairing rules.
hese target sites must lie immediately 5′ of a PAM sequence that
atches the canonical form 5′-NGG. Thus, with this system, Cas9

uclease activity can be directed to any DNA sequence with the
orm of N20-NGG simply by altering the first 20 nucleotides of
he gRNA to correspond to the target DNA sequence [25–28]. In
he present study, two gRNA sequences were designed around the
uman MET  exon 14 splicing site after considering their off-target
ffects. Both of these sequences easily and rapidly deleted MET exon
4, suggesting that this system may  be useful for such experiments.

Deletions within the juxtamembrane domain play an important
ole in the activation of RTKs by altering receptor conformation and
he activation of the kinase domain [35]. A previous report identi-
ed MET  activation through a somatic mutation-driven exon 14
eletion that inhibited MET  down-regulation and showed that the

oss of Cbl binding to the MET  exon 14 deletion affected recep-
or ubiquitination and down-regulation, leading to prolonged MET
ctivation and oncogenesis [16]. Our in vitro model created using
he CRISPR/Cas9 system produced similar results, that is, a higher

ET  protein expression level, enhanced MET  phosphorylation,
nd prolonged MET  activation by HGF. In addition, we  directly
ompared cellular growth and sensitivity to crizotinib using cell
ines that were created from the same HEK293 cell line using
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he CRISPR/Cas9 system, showing that cellular growth, colony for-
ation, and sensitivity were enhanced by MET  exon 14 deletion.

lthough enhanced cellular growth, colony formation, and sensi-
ivity as a result of MET  exon 14 deletion have been suggested in a
-deleted MET (b) was higher and more maintained than that of wild-type MET  (a).
e of ERK1/2 phosphorylation in the MET exon 14-deleted cell lines, compared with

previous study, a direct comparison was  not possible because sev-
eral different cell lines were used [16]. A recent study also revealed
similar results, but a mouse MET exon 15 deletion-overexpressed
NIH3T3 mouse cell line was  used in the experiments [17]. There-
fore, our experiments showed enhanced cellular growth, colony
formation, and sensitivity in a more direct manner using a human
cell line edited using the CRISPR/Cas9 system for the first time.

In the database analysis, the MET exon 14 deletion was  found
most frequently in lung cancer, especially lung adenocarcinoma,
and other cancers rarely carried this mutation. One gastric cancer
cell line has been reported to have a MET  exon 14 deletion, but none
of the gastric cancer samples in the TCGA dataset exhibited such a
deletion [36]. In lung adenocarcinoma, this mutation was  exclusive
with other lung cancer driver gene alterations, and approximately
10% of patients with wild-type EGFR, RAS, RAF, ALK, RET,  and ROS1
may  carry the MET exon 14 deletion [19]. This frequency is consid-
erably high, and the development of MET-targeted therapy for lung
adenocarcinoma with MET exon 14 deletion should be considered.

Because the CRISPR/Cas9 system is a novel technology,
unknown effects, including off-target effects, may  exist. In partic-
ular, cancer cell lines can have numerous somatic mutations that
can induce unexpected off-target effects. We  were unable to create
the MET exon 14 deletion in any NSCLC cell lines. Consequently, we
did not use cancer cell lines in the present study but instead used
the HEK293 cell line. In addition, we  created two cell lines using
two different gRNAs sequences and obtained the same results. Our
experiments using this system directly showed enhanced cellu-
lar growth, colony formation, and MET  inhibitor sensitivity. These
deletion created using the CRISPR/Cas9 system enhances cellular
dx.doi.org/10.1016/j.lungcan.2015.10.020

findings suggest that this system can be useful for similar experi-
ments, and the presently obtained experimental findings strongly
encourage the development of MET-targeted therapy against can-
cers with the MET exon 14 deletion.
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ARTICLE IN PRESSG Model
LUNG-4972; No. of Pages 8

Y. Togashi et al. / Lung Cancer xxx (2015) xxx–xxx 7

Fig. 5. Sensitivity to crizotinib. (A) Growth inhibition assay of each transfectant cell line. The growth inhibition assay was  performed using an MTT  assay, and the experiment
was  performed in triplicate. Both MET  exon 14-deleted cell lines were more sensitive to crizotinib than the controls. Line, mean of independent triplicate experiments;
error  bars, SD. (B) Western blot analysis. Cells were exposed to HGF (50 ng/mL) with or without crizotinib (0.5 �M)  6 h before sample collection. The HGF-induced increase
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