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partial response under RECIST criteria 1.1 ( Fig. 4C–E ). The 

patient experienced minimal toxicity on crizotinib, but did 

have disease progression as assessed by imaging at 11 months.  

 In a separate clinical trial (NCT01324479), two NSCLC cases 

with  MET ex14 alterations were identifi ed by comprehensive 

genomic profi ling. This trial is a phase I open-label, dose-escala-

tion study with expansion to assess the safety and tolerability of 

the investigational MET inhibitor capmatinib in patients with 

MET-dependent advanced solid tumors. Both patients received 

capmatinib, described in detail above, and were treated at Sarah 

Cannon Research Institute, Nashville, TN. 

 An 82-year-old female, with a 25 pack-year smoking his-

tory, was diagnosed with stage IV large cell lung carcinoma 

with right hilar node metastases. Initial therapy included 

complete surgical resection; the patient declined periopera-

tive chemotherapy and was monitored until recurrence of 

disease 3 years and 3 months later. The patient declined 

treatment with standard-of-care chemotherapy regimens and 

instead elected to enter the clinical trial above. Comprehen-

sive genomic profi ling was performed on the primary resec-

tion and demonstrated that the tumor harbored a  MET ex14 

alteration (c.3028G>C) and  TP53  p.N30fs*14.  MET  gene copy 

number was six, in a triploid cancer genome, as measured by 

 next-generation sequencing based comprehensive genomic 

profi ling. MET IHC performed on the same specimen was 3+ 

(H-score 270).  MET  FISH was not performed. The patient was 

treated with capmatinib for more than 5 months and had a 

tumor reduction of 53%, a partial response ( Fig. 5A and B ).  

 A 66-year-old female, with a 4 pack-year smoking history, 

was diagnosed with stage Ib poorly differentiated squa-

mous cell carcinoma of lung (LSCC), which was resected 

and followed immediately with adjuvant gemcitabine and 

carboplatin, which were discontinued after a single cycle 

due to toxicity. The patient was then monitored only. After 

9 months, her disease recurred in the soft tissue of the axilla 

and chest wall; she was also later noted to have central 

nervous  system, bone, and renal metastases. The patient 

then underwent several courses of palliative radiotherapy 

including whole brain radiotherapy, weekly paclitaxel and 

carboplatin for 4 months, and subsequently was enrolled 

in a phase I clinical trial for a CHK1 inhibitor, but pro-

gressed after 2 months on this therapy. Upon enrollment 

into the capmatinib study, comprehensive genomic profi l-

ing demonstrated the LSCC harbored a  MET ex14 altera-

tion (c.3028+1G>T) and no other known alterations.  MET  

gene copy number was four. Additional molecular testing 

indicated  MET  FISH 13.8 copy number ( MET : CEBP7  ratio 

2.3) and IHC 3+ (H-score 300). The patient was treated with 

capmatinib for 13 months with tumor reduction of 61%, 

a partial response. On disease progression, the patient’s 

tumor burden remained signifi cantly decreased from base-

line, and disease-related pain did not recur ( Fig. 5C and D ).   

 Figure 5.      NSCLCs harboring 
  MET ex14 alterations respond 
to capmatinib. Contrast-
enhanced abdominal CT images 
are shown. A, NSCLC right hilar 
mass (white arrow) pretreat-
ment. B, decrease in size after 
treatment with capmatinib. C, 
NSCLC with left renal midpole 
lesion (yellow arrow) pretreat-
ment. D, decrease in size after 
capmatinib treatment.   
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 DISCUSSION 

  MET ex14 alterations are important recurrent alterations 

that are clinically and therapeutically relevant, occurring in 

approximately 3% of lung adenocarcinomas, 2% of other lung 

neoplasms, 0.5% of brain gliomas, and 0.5% of carcinomas 

of unknown primary origin. Consequently, the assessment 

of  MET ex14 alteration status will be appropriate for many 

advanced cancer patients. In the context of NSCLC, the dem-

onstration of mutual exclusivity between  MET ex14 alterations 

and other oncogenic drivers is consistent with  MET ex14 itself 

being such a driver. Three cases with durable responses to MET-

targeted therapy presented in this study included response 

to crizotinib, an FDA-approved inhibitor targeting MET and 

ALK, as well as capmatinib, a highly selective and potent small-

molecule MET inhibitor that is in clinical development. 

 In addition, three other such reports of response to targeted 

therapy in cases with  MET ex14 alterations have been recently 

published, further extending the evidence of potential clinical 

benefi t ( 29–31 ). As there are no clinical trials at present focus-

ing on the  MET ex14 advanced cancer population, the accumu-

lation of clinical responses presented in vignette form is the 

sole form of clinical evidence demonstrating the targetability 

of  MET ex14. In the near future, it may come to light that can-

cer cases with  MET ex14 alterations were fortuitously enrolled 

in trials for anti–MET-targeted therapy on the basis of other 

eligibility criteria, and responses of such cases will further 

buttress the notion of possible clinical benefi t presented here. 

 The early data presented here suggest that  MET ex14 altera-

tions present a viable therapeutic target and could be added to 

the growing list of known oncogenic drivers in NSCLC as well 

as other tumor types. Moreover, the frequency of  MET ex14 

alterations in NSCLC presented here is comparable to, if not 

exceeding, the frequency of  MET  amplifi cations in NSCLC, 

and effectively doubles the number of NSCLC cases that could 

respond to anti–MET-targeted therapy. We also note that the 

 MET ex14 alterations reported here are not all likely to result in 

the same amount of  MET  exon 14 skipping and pathogenicity, 

indicating that further study of these alterations is warranted. 

 It is interesting that in two of our clinical cases, as well is 

in one recently published case ( 29 ), a  MET ex14 alteration was 

accompanied by MET overexpression by IHC, with one of those 

cases also containing an apparent  MET  gene copy-number 

amplifi cation. In the third presented case, neither IHC nor 

FISH analysis was performed. In preclinical studies, lack of CBL 

binding to both human and murine  MET  exon 14 regions ( Met  

exon 15 in mouse), such as via skipping of  MET  exon 14, has 

been shown to impair MET downregulation and degradation, 

leading to increased MET protein expression ( 14 ,  17 ,  19, 20 ). 

Indeed, MET overexpression has been previously noted in lung 

tumors with  MET ex14 alterations, and MET variants lacking 

exon 14 were noted to be preferentially overexpressed in those 

cases rather than the full-length MET ( 14 ). As mentioned above, 

 MET  amplifi cation, presumably leading to MET overexpres-

sion, has been shown to confer sensitivity to MET inhibitors 

in a variety of tumor types. Thus, the functional basis for MET 

inhibitor sensitivity may be similar in patients with  MET ex14 

alterations and  MET  amplifi cation in their tumors. 

 The levels of MET protein lacking exon 14 compared with 

full-length MET in the tumors of the 3 patients who achieved 

responses to MET inhibitors are not known. Therefore, the 

possibility of overexpression of full-length MET being a 

driver alteration responsible for sensitivity to MET inhibi-

tors cannot be excluded. However, the lack of detectable 

 MET  amplifi cation in two of the three sensitive tumors, the 

report of MET variants lacking exon 14 being preferentially 

expressed over full-length MET in lung cancer samples ( 14 ), 

and the oncogenic nature of  MET ex14 alterations all suggest 

that the inhibition of MET variants lacking exon 14 contrib-

uted to the observed clinical responses. 

 It is also interesting to note that none of the three respond-

ers in our cohort had either  MDM2  or  CDK4  amplifi cation in 

their tumors. As mentioned above, gene copy-number amplifi -

cation of  MDM2 , and less frequently of  CDK4 , is highly coin-

cident with  MET ex14 alterations. Whether amplifi cation of 

either  MDM2  or  CDK4  might affect sensitivity of tumors with 

 MET ex14 alterations to MET inhibitors is currently unclear. 

Among the three recently published case studies, a patient 

with a  MET ex14 alteration and amplifi cation of  MDM2  and 

 CDK4  in their tumor ( 29 ) exhibited the shortest response to a 

MET-targeted agent of the six responses known to date, but a 

patient with a  MET ex14 alteration and amplifi cation of  MDM2 , 

but not of  CDK4 , in their tumor exhibited a major response 

( 31 ). However, it is diffi cult to draw conclusions regarding the 

effect of  MDM2  or  CDK4  amplifi cation on the responsiveness 

to MET inhibitors at this time. Because numerous inhibitors 

of MDM2 and CDK4 are currently being clinically evaluated 

in a variety of cancer types, including the CDK4/6 inhibitor 

palbociclib, which has been FDA approved for the treatment 

of breast cancer, the effi cacy of combined MET and MDM2/

CDK4 inhibition in preclinical models is worth investigating. 

 In summary, these results demonstrate that  MET ex14 alter-

ations occur in multiple tumor types, particularly lung carci-

noma, and can confer clinical sensitivity to targeted therapies. 

Identifi cation of this new patient population is an important 

step toward making appropriate targeted therapies available 

for all cancer patients. 

  MET ex14 alterations pose a challenge for diagnostic testing. 

They exhibit highly diverse sequence composition, many are 

novel, and more than half are indel mutations (up to 3 kb in 

length), which are challenging to detect with high sensitivity 

and specifi city. Consequently, assessing  MET ex14 alteration 

status requires appropriate laboratory and analytic methods 

that are capable of accurate sequencing, statistical detection, 

annotation, and reporting of this diverse class of alterations. 

 As the number of targeted therapies and molecular altera-

tions that are relevant for routine cancer patient treatment 

continues to grow, comprehensive genomic profi ling will be 

increasingly required to accurately stratify patients for appro-

priate therapy. Finally, the diversity of  MET ex14 alterations 

highlights the need for profi ling of large numbers of cancer 

genomes to identify and fully elucidate cancer driver muta-

tions that have degenerate genomic sequence signatures.   

 METHODS  
 Comprehensive Cancer Genome Profi ling 

 Comprehensive cancer genomic profi ling was performed using the 

FoundationOne test. The laboratory and computational methods 

employed in the FoundationOne DNA assay have been described in 
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detail previously ( 32 ). Data were used from three consecutive versions 

of the FoundationOne test, targeting increasing numbers of genes. 

Hybridization capture baits for the  MET  gene were identical for all 

three versions of the test. 

 All base substitution, indel, copy-number alteration, and rear-

rangement variant calls were examined to identify those nearby to the 

splice junctions of  MET  exon 14. These genomic alterations were then 

manually inspected to identify those likely to affect splicing of exon 

14, or delete the exon entirely. A table describing all genomic altera-

tions identifi ed as likely to affect  MET  exon 14 splicing is provided 

(Supplementary Table S2).   

 Cell Culture, Transfection, Plasmids, and Virus Packaging 
 The HEK293 cell line, obtained in January 2014, was a gift from 

Davide Ruggero [University of California, San Francisco  (UCSF)]. 

HEK293 cells were cultured in DMEM (Mediatech Inc.; Cellgro) with 

10% FBS (SH30910.03; Hyclone) and transfected with TransIT-LT1 

reagent (MIR2300; Mirus) according to the manufacturer’s instruc-

tions. 

 The NIH3T3 cell line, obtained in March 2014, was a gift from 

Martin McMahon (UCSF). NIH3T3 cells infected with retrovirus 

were selected with 1.5 μg/mL puromycin for 5 days to get stable 

expression of indicated protein. 

 pCDNA3-human-MET WT 3xFlag was a gift from Sourav Ban-

dyopadhyay (UCSF), and pBabe puro c-MET WT was a gift from 

Joan Brugge (Addgene plasmid #17493; ref.  40 ). Exon 14 deletion 

in human  MET  and exon 15 deletion in mouse  Met  were created by 

site-directed PCR mutagenesis. pBABE-GFP and pBABE-HRASG12V 

were gifts from Eric Collisson (UCSF). Ecotropic retrovirus was made 

from PLAT-E packing cells after transfection of indicated pBABE 

plasmid with TransIT-LT1 reagent (MIR2300; Mirus) according to 

the manufacturer’s instructions. 

 All cell lines tested  Mycoplasma  negative (Mycoplasma Detection 

Kit; Cat. 13100-01; SouthernBiotech) within 6 months of performing 

the experiments. Cell line authentication was not performed.   

 Soft-Agar Assay 
 Soft-agar assays were performed as described previously ( 21 ). 

Briefl y, 25,000 NIH3T3 cells were suspended in 0.4% agarose (50101; 

Lonza) with 10% calf serum in DMEM and plated in a 6-well plate. 

The sum of colonies from 5 random fi elds of each well at week 3 was 

reported as the mean of duplicates.   

 Cell Viability Assay 
 NIH3T3 cells (2,500) were plated in 96-well format and then 

treated with indicated concentration of capmatinib, trametinib, or 

0.1% DMSO on the second day for 72 hours. Cell survival was meas-

ured by CellTiter-Glo assay (G7570; Promega) following the manu-

facturer’s instructions. Relative cell survival rate was normalized to 

the DMSO-treated group as 100%. Each data point shows biologic 

duplicate of triplicate well experiment.    
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