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Background: The receptor tyrosine kinase mesenchymal–epithelial transition factor
(MET) is frequently altered in cancers and is a common therapeutic target for cancers
with MET variants. However, abnormal MET alterations and their associations with
patient outcome across different cancer types have not been studied simultaneously.
In this study, we try to fill the vacancy in a comprehensive manner and capture the full
MET alteration spectrum.

Methods: A total of 10,967 tumor samples comprising 32 cancer types from The
Cancer Genome Atlas (TCGA) datasets were analyzed for MET abnormal expression,
mutations, and copy number variants (CNVs).

Results: MET abnormal expression, alteration frequency, mutation site distribution,
and functional impact varied across different cancer types. Lung adenocarcinoma
(LUAD) has most targetable mutations located in the juxtamembrane domain, and
both high expression and amplification of MET are significantly associated with poor
prognosis. Kidney renal papillary cell carcinoma (KIRP) harbored the third highest
alteration frequency of MET, which was dominated by mutations. While most mutations
were in the Pkinase_Tyr domain, a few were targetable. Pancreatic adenocarcinoma
(PAAD) harbors very few alterations, but increased MET expression is associated with
poor outcomes. Esophageal carcinoma (ESCA), stomach adenocarcinoma (STAD), and
ovarian serous cystadenocarcinoma (OV) had similar characteristics: a high frequency
of MET CNVs but relatively few MET mutations, and high MET expression associated
with poor prognosis.

Conclusion: This study provided significant and comprehensive information regarding
MET abnormal expression, alterations (mutations and CNVs), and their clinical
associations among 32 cancer types and offered insights into the full MET alteration
spectrum and its implications for prognosis and treatment.
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INTRODUCTION

The human MET gene is located on chromosome 7q21–31
and encodes c-mesenchymal-epithelial transition factor (MET),
which belongs to the family of receptor tyrosine kinases
(1, 2). MET is a well-characterized oncogene and is a critical
therapeutic target in several cancers (3). It is frequently
activated in human tumors by various mechanisms, such
as mutations, amplification, and overexpression (4, 5), thus
leading to malignant transformation and metastasis. Among
MET-associated cancers, TPR-MET translocation was found to
be involved in the development of stomach adenocarcinoma
(STAD) (6). Go H et al. reported the overexpression and
amplification of MET in lung cancer, and increased MET
expression is significantly associated with poor prognosis (7,
8). Moreover, in esophageal carcinoma (ESCA) and kidney
renal papillary cell carcinoma (KIRP), gene amplification with
consequent protein overexpression and constitutive kinase
activation of MET has been reported (9, 10).

Because of its important roles in tumors, MET is considered
to be a critical target for anticancer therapy. Multiple MET
inhibitors have already been elaborated and tested in preclinical
and clinical studies (11, 12). Especially in lung cancer, inhibition
of MET receptor activity has shown promising results and
has become a standard therapy for patients (13, 14). However,
the treatment effects of MET inhibitors on other cancer types
are less certain.

As previous research about MET aberrations in cancer is
limited to the limited sample size and/or to the individual cancer
type, a comprehensive profiling across different cancer types to
explore their significance has not been studied. In this study,
we first profiled the expression, mutations, and copy number
variants (CNVs) of MET across 32 cancer types from The
Cancer Genome Atlas (TCGA) datasets. Then, survival analysis
was conducted to further examine the aberration patterns and
potential clinical significance of MET in distinct tumors. Taken
together, these findings highlight the important roles of MET
in tumorigenesis and present promising targetable pathways and
clinical opportunities for cancer research.

MATERIALS AND METHODS

Data Acquisition and Reanalysis Using
Different Bioinformatics Tools
MET expression in normal tissues was extracted from
The Genotype-Tissue Expression (GTEx,1), which collects
transcriptome data in a wide variety of tissue types from healthy
individuals (15). MET mRNA expression data in different cancers
were obtained from cBioportal2, which is an open web resource
for exploring, visualizing, and analyzing multidimensional cancer
genomics and clinical data (16). Furthermore, the expression
data was generated from normalized values with the reference
population of all samples independent of sample diploid status,

1https://www.gtexportal.org/
2http://cbioportal.org/

termed as NormalizeExpressionLevels _allsampleref.py. A total
of 10,953 patients with 10,967 samples across 32 cancer types
were analyzed (Supplementary Table S1), and the mRNA
expression data were log10 transformed. Next, we compared
MET mRNA expression between tumors and their paired normal
tissues using Gene Expression Profiling Interactive Analysis
(GEPIA,3), a web server for cancer and normal gene expression
profiling and interactive analyses (17). Then, we further explored
MET protein expression using the level 4 TCGA RPPA dataset
downloaded from The Cancer Proteome Atlas (TCPA,4) (18).

The cBioportal is a portal that enables users to interactively
investigate genetic alterations across samples, genes, and, when
available in the underlying data, to link these to clinical outcomes
(16). In this study, mutation data, CNV data, and clinical data
were downloaded from cBioportal. The mutation data consist of
indels and SNVs. For the CNV data, the log ratio value means:
−2 = deep deletion; −1 = shallow deletion; 0 = diploid; 1 = gain;
2 = amplification.

The clinical data were used to perform the survival association
analysis for MET alteration or for MET amplification status. In
addition, we mainly evaluated several survival indexes, such as
overall survival (OS) and progression-free survival (PFS) (19–22).
The association between MET expression and patients’ OS and
PFS was analyzed using the Kaplan–Meier Plotter5, an open
source platform that can be used to assess the effect of genes on
patient survival. Moreover, Kaplan–Meier plotter is established
by a PostgreSQL server, which can simultaneously integrate the
clinical data and gene expression from several databases, such as
GEO, EGA, and TCGA (23).The hazard ratio and 95% confidence
intervals were presented as forest plots.

Statistical Analyses
The statistical analyses were performed with SPSS 12.0 software
(IBM Analytics, United States). Student’s t-test, Cox regression
analysis, and linear regression analysis were performed when
appropriate. P < 0.05 was defined as statistically significant. In
addition, the statistic calculations on the Mutual Exclusivity tab
are conducted using all cancer samples in cBioPortal. A sample
is defined as altered or unaltered (controls) for each gene based
on the Onco Query Language (OQL) utilized in the query.
Especially, in single- and cross-cancer queries, OQL algorithm
can be utilized to accurately identify copy number alterations,
mutations, mRNA, and protein expression profiles (16).

RESULTS

MET Expression in Pancancer
MET overexpression has been reported in many human cancers
(24–26). Previous research on MET expression in cancer is
limited to the small sample size and/or to the limited number
of cancer types. Here, we provide a more comprehensive
evaluation of MET expression in pancancer. First, we extracted

3http://gepia.cancer-pku.cn/
4http://tcpaportal.org
5http://kmplot.com/
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data from the GTEx portal and analyzed MET expression
in 53 types of normal tissues. As shown in Supplementary
Figure S1A, MET expression among different tissues was
dramatically different. The tibia had the highest expression.
Whole blood and EBV-transformed lymphocytes had almost no
MET expression. Then, we compared MET mRNA expression
across 32 TCGA cancer types. MET expression showed quite a
broad spectrum, suggesting that cancers with highly expressed
MET may have unique genetic features that promote increased
MET expression. Based on the interquartile range, some cancer
types, such as lower-grade glioma (LGG), breast invasive
carcinoma (BRCA), and glioblastoma multiforme (GBM) have
a widespread of MET expression, while cholangiocarcinoma
(CHOL) has a narrow spread, which may be due to some
cancer types having more than one subtype and therefore
having more genetic diversity (Figure 1A). Moreover, we
compared MET mRNA expression between tumors and their
paired normal tissues profiled in TCGA. Significantly differential
expression was found in 23 cancer types, with three cancer
types downregulated [BRCA, acute myeloid leukemia (LAML),
and LGG] and 20 cancer types upregulated [cervical squamous
cell carcinoma and endocervical adenocarcinoma (CESE), colon
adenocarcinoma (COAD), lymphoid neoplasm diffuse large
B-cell lymphoma (DLBC), ESCA, head and neck squamous
cell carcinoma (HNSC), kidney chromophobe (KICH), KIRP,
LUAD, lung squamous cell carcinoma (LUSC), ovarian serous
cystadenocarcinoma (OV), pancreatic adenocarcinoma (PAAD),
rectum adenocarcinoma esophageal carcinoma (READ), skin
cutaneous melanoma (SKCM), STAD, testicular germ cell tumors
(TGCT), thyroid carcinoma (THCA), thymoma (THYM),
uterine corpus endometrial carcinoma (UCEC), and uterine
carcinosarcoma (UCS)] (Supplementary Figure S1B). The
cancer type with the most decreased expression was BRCA with
2.1 TPM (tumor) compared to 3.4 TPM (normal tissue). The
cancer type with the most increased expression was ESCA with
5.0 TPM (tumor) compared to 1.5 TPM (normal tissue).

In addition, we also compared MET protein expression
across 32 TCGA cancer types using data from TCPA. Similar
to MET mRNA, MET protein expression exhibited quite a
broad spectrum of expression levels and varied across different
cancer types (Figure 1B). Moreover, MET mRNA and protein
expression levels were highly correlated and positively associated
in pancancer (r = 0.5459, p = 0.0015), indicating a critical role for
gene expression regulation in driving the protein expression of
MET and its functional status in the tumor (Figure 1C).

MET Somatic Mutation Patterns Across
Cancer Types
Across the 32 cancer types, the total mutation frequency
of MET was 2.3% (251/10,953) for all patients and 2.8%
(311/10,967) for all cancer samples. MET mutations were
observed most commonly in UCEC (12.3%), SKCM (10.5%),
KIRP (8.8%), bladder urothelial carcinoma (BLCA, 4.4%),
COADREAD (4.4%), and LUAD (4.2%). In contrast, however,
adrenocortical carcinoma (ACC), CHOL, ESCA, KICH, LAML,
mesothelioma (MESO), pheochromocytoma and paraganglioma

(PCPG), TGCT, THYM, and uveal melanoma (UVM) virtually
barely had MET mutations (Figure 2A). The number of samples
from each cancer type ranged from 36 (CHOL) to 1,084 (BRCA),
and those having too few samples might not accurately reflect the
full picture of MET mutation status (Supplementary Table S2).

Based on the Pfam database, MET harbors six functional
domains, including the Sema (59–498 aa), PSI (520–561 aa),
TIG (563–654 aa), TIG (657–728 aa), TIG (742–815 aa), and
PKinase-Tyr domains (1,078–1,336 aa). The Sema domain, a
seven-bladed β-propeller semaphorin domain, could lead to
receptor oligomerization when binding to ligand (27); the PSI
domain is a cysteine-rich region and represents short regions of
secondary structure including two α-helices and a three-stranded
antiparallel β-sheet (28); the TIG domains are a region that has
an immunoglobulin (Ig)-like fold (29); the PKinase-Tyr domain
executes the phosphorylation function and controls the kinase
activity of MET (30, 31). Here, we found that there were 311
MET somatic mutations across 32 cancer types, and all these
mutations were broadly distributed across different functional
domains of the MET gene. The most common domains were the
other domain (91 samples), Sema domain (83 samples), Pkinase-
Tyr domain (69 samples), TIG domain (563–654 aa, 18 samples),
TIG domain (742–815 aa, 17 samples), TIG domain (657–
728 aa, 12 samples), and PSI domain (7 samples). Meanwhile,
the location distribution of MET somatic mutations was quite
different across all cancer types. Mutations in UCEC, SKCM,
BLCA, and LUAD were most commonly located in the other
domain whose functions were barely known. Mutations in KIRP
were primarily located in the Pkinase-Tyr domain, approximately
three times more than the mutations located in the other domain.
Mutations in COADREAD and GBM were mainly located in the
Sema domain (Figure 2B and Supplementary Table S3).

The 311 MET somatic mutations could be divided into four
categories according to their functional impact on protein coding.
Missense mutation was the most common type of mutation (250
mutations), followed by truncating mutation (46 mutations),
other mutation (14 mutations), and in-frame mutation (one
mutation) (Supplementary Figure S2A). The most frequent
mutation positions were 1,010 aa in the other domain and
1,148 aa in the Pkinase-Tyr domain. For example, the 1,010-aa
mutation was found in seven samples (six samples with X1010
splice, one with D1010fs) and occurred almost exclusively in
LUAD (6/7) (Supplementary Figure S2B). MET X1010_splice
alteration is known to be oncogenic, and LUAD patients
harboring the MET X1010 splice can be treated with the NCCN-
compendium listed drug crizotinib (32, 33) and FDA approved
capmatinib (34, 35). Meanwhile, tepotinib, a MET inhibitor, was
also approved in Japan in March 2020 for the treatment of LUAD
patients harboring MET exon 14 skipping (36, 37). The only other
tumor with mutations at this position was LGG (one sample
with X1010_splice), but its role was almost unknown to this
cancer. The 1,148-aa mutation in the Pkinase-Tyr domain was
also observed in seven samples [six samples with R1148Q (three
SKCMs, one BLCA, one BRCA, one COADREAD), one sample
with R1148∗ (one UCEC)]. However, the oncogenic function
of mutations at this position was considered unknown, and
there were no FDA-approved treatments specifically for patients
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FIGURE 1 | Mesenchymal–epithelial transition factor (MET) mRNA and protein expression in The Cancer Genome Atlas (TCGA) cancer tissues. (A) MET mRNA
expression (RNA-seqV2 RSEM, log10 transformed) across 32 cancer types. (B) MET protein expression (RPPA, replicate-based normalized) in TCGA cancer tissues.
Sample lines represent medians and quartiles. All TCGA abbreviations are shown in Supplementary Table S1. (C) MET mRNA expression was positively correlated
with MET protein expression in TCGA cancer tissues. n = 32 indicates the 32 types of cancer in TCGA.

with these mutations. The most mutated positions in KIRP
(17 of 25 mutations) were located at the Pkinase Tyr domain,
especially at the 1,250-aa position (four samples with M1250T)
and the 1,092- to 1,094-aa position (three with V1092I, three
with H1094Y). The mutation at these positions was known to
be oncogenic (Supplementary Figure S2C). UCEC harbored the

highest frequency of MET mutational alterations; however, the
oncogenic function of these mutations was largely unknown.
The most mutated positions in UCEC (3 of 78 mutations)
were located at the Pkinase-Tyr domain at the 1,186-aa position
(one with L1186F, one with L1186I, one with L1186R), but its
oncogenic role was considered unknown. D1228Y/A and T222K
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FIGURE 2 | MET mutation distribution in TCGA cancer tissues and protein functional domains. (A) MET mutation frequency across 32 cancer types. (B) MET
mutation distribution in different functional domains for all cancer types together and for the top seven cancer types. Abbreviations: aa, amino acid.

alterations were found in UCEC (one with D1228Y, one with
D1228A, one with T222K) and known to be likely oncogenic and
predicted oncogenic, respectively (Supplementary Figure S2D).

From oncogenic effect and predictive significance, these 311
somatic mutations were classified into four categories: oncogenic
(30 mutations), likely oncogenic (16 mutations), predicted
oncogenic (one mutation), and unknown (264 mutations). Most
of these mutations belonged to the unknown class, suggesting
that more efforts are needed to determine the meanings of these
mutations (Figure 3A). However, in some types of cancer, like
KIRP and LUAD, the MET mutations were mainly distributed in
the functional categories. As shown in Figure 3B, 60% (15/25)
of the mutations in KIRP were oncogenic, followed by likely
oncogenic (6/25) and unknown (4/25). In LUAD, half of the
mutations were oncogenic/likely oncogenic (12/24).

Next, we analyzed the clinical targeted therapy implications
of MET mutation using cBioPortal, which could provide
the annotation of variants from different databases, including
COSMIC, Cancer Hotspots method, CIViC, My Cancer Genome,
and OncoKB. However, the exact levels of clinical actionability
displayed in cBioPortal can be fully defined using OncoKB
(16). Thus, for the clinical targeted therapy implications, each
MET somatic mutation could be classified into four levels as

defined by OncoKB (38): level 2 (seven mutations), level 3B (one
mutation), level 4 (13 mutations), and level NA (290 mutations)
(Figure 4A and Supplementary Table S2). Only level 2 was
represented for targeted therapy with an NCCN-compendium
listed drug (39). All level 2 mutations were observed in LUAD
(6 × 1010_splice, 1 × 1009_splice). In LUAD, half of the
mutations were oncogenic/likely oncogenic, and over half of
them were in level 2 (7 of 12 mutations). However, KIRP had the
highest proportion of oncogenic/likely oncogenic mutations (21
of 25 mutations), and almost all were in level NA without targeted
therapy implications (Figure 4B).

MET CNVs in Different Cancer Types
Across the 32 cancer types, the total MET CNV frequency was
42.1% (detected in 4,622 of 10,967 samples). Most of them
were gained (3,577 samples), followed by amplification (129
samples), shallow deletion (899 samples), and deep deletion (17
samples). The most common tumors with MET CNVs were
GBM (80.1%), TGCT (71.8%), ESCA (66.5%), KIRP (62.5%),
and ACC (62.0%). In contrast, PCPG (15.7%), LAML (11.5%),
UVM (8.8%), and THCA (4.2%) showed very low MET CNV
frequencies (Figure 5A). To determine whether MET CNVs
were associated with MET expression, we compared MET CNVs
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FIGURE 3 | MET mutation classification according to the functional impact on protein coding. (A) MET mutation classification according to the functional impact on
all tumors together. (B) Functional impact class distribution of MET mutations in all and top eight cancer types.

with MET mRNA expression across 32 TCGA cancer types.
The results showed that MET CNVs and mRNA expression
were highly correlated in pancancer (r = 0.1511, p < 0.0001)
(Supplementary Figure S3), indicating important roles for gene
copy number in determining MET mRNA expression and its
functional status in the tumor. Among the 311 samples with
MET mutations mentioned above, 129 also harbored MET CNVs
(108 with gain, nine with amplification, and 12 with shallow
deletion). SKCM and KIRP had the highest gain among different
cancer types (Figure 5B and Supplementary Table S2). As shown
in Figure 5A and Figures 1A,B, KIRP harbored a very high
proportion of gain and was also the cancer type with higher
MET expression. Likewise, PCPG, which lacked the amplification

and gain of MET, had a lower level of MET mRNA and protein
expression. However, some cancer types lacked the amplification
and gain of MET but had a high level of MET expression (e.g.,
UVM and THCA), suggesting that additional genetic alterations
could contribute to high expression of MET in the tumor.

Combined MET Alterations (Mutation
and CNVs) in Different Cancer Types
Overall, the combined MET mutation and CNV frequency
in all cancer types were observed in 3.6% of cases (390 of
10,967 samples). However, MET alterations are quite variable
across different cancers. MET alterations were observed most
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FIGURE 4 | MET mutation distribution according to targeted therapy implications. (A) MET mutation distribution according to the clinical targeted therapy
implications as annotated in OncoKB among all cancer types together. (B) Targeted therapy implication distribution of MET mutations in all and top 10 cancer types.

commonly in UCEC (10.21%), SKCM (10.14%), and KIRP
(9.89%), in which mutations were more common. Other cancer
types with dominant MET mutations but at much lower mutation
rates included LUAD (3.53%), BLCA (3.89%), COADREAD
(3.2%), UCS (3.51%), and PAAD (0.54%). Furthermore, tumors
such as ESCA, STAD, GBM, and OV mainly had MET CNVs
but relatively few mutations (3.3 vs 2.2%, 2.73 vs 1.59%, 2.53
vs 1.18%, 3.08 vs 0.86%, respectively). Tumors including ACC,
TGCT, THYM, UVM, MESO, CHOL, and PCPG had neither
MET CNVs nor MET mutations (Figure 6A).

Interestingly, CNVs and mutation location were found to
be associated. Approximately half of the mutations (29 of 67
mutations) in the Pkinase-Tyr domain also had MET copy
gain, while nearly half of the mutations (44 of 90 mutations)

in the other function-unknown domain were accompanied by
amplification, gain, and shallow deletion. Mutations in the PSI
domain and the TIG domain had very few CNVs (Figure 6B).

MET Alterations and Patient Survival
To explore the clinical significance of MET expression, we
analyzed the association between MET mRNA expression and
patient OS and PFS in individual cancer types. The results showed
that high MET expression was associated with poor patient OS
in HNSC, LUAD, OV, PAAD, sarcoma (SARC), and THYM.
However, among patients with BRCA, READ, and THCA,
high MET expression was associated with better patient OS
(Figure 7A). Meanwhile, the association analysis between MET
expression and patient RFS in individual cancer types showed
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FIGURE 5 | MET copy number variant (CNV) distribution in TCGA cancer tissues. (A) MET CNV frequency across 32 TCGA cancer types. (B) MET CNV distribution
for all cancer types together and for the top nine cancer types. Abbreviations: CNV, copy number variant.

that high MET expression was associated with short patient RFS
in BLCA, LIHC, PAAD, TGCT, and THCA (Figure 7B).

We further explored the clinical significance of the MET
alteration, and survival association analysis regarding alteration
status in each cancer type showed that MET alteration was
associated with short survival in PRAD. However, MET alteration
was found to be associated with a better prognosis in UCEC
(Figure 7C). This opposite result could be due to different
genetic backgrounds and insufficient sample sizes. Moreover,
when the survival association analysis was performed only for
MET mutation status, MET mutations were associated with poor
prognosis in LUAD (Figure 7D).

DISCUSSION

Our study profiled the characteristics of MET in 32 cancer
types and showed that MET expression, mutation, and CNVs
varied across different cancer types, which are of great clinical
significance. UCEC, SKCM, and KIRP had the highest MET

alteration, and mutations accounted for the major proportion.
While mutations in UCEC and SKCM were most commonly
located in the Sema domain and the other function-unknown
domain, mutations in KIRP were primarily located in the
Pkinase-Tyr domain, which is more important for treatment
selection. Furthermore, although studies have shown a high
MET expression in UCEC, SKCM, and KIRP, no association was
observed between MET expression and patient prognosis. Other
cancer types, including LUAD, BLCA, COADREAD, and UCS
harbored similar characteristics; all their alteration frequency was
between 4 and 6%, and mutation was the primary alteration.
Mutations in LUAD are mainly X1010_splices, which are in exon
14, and mutations in this region are known for targeted therapy
in clinical practice in NSCLC (33). On the other hand, tumors
including KICH, OV, and LIHC mainly had MET CNVs but
rarely mutations. Moreover, ACC, TGCT, THYM, UVM, MESO,
CHOL, and PCPG rarely had MET alterations.

In recent years, splice site mutations have been discovered in
MET, leading to exon 14 skipping. NSCLC patients who were
carrying this splice variant typically overexpressed MET and
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FIGURE 6 | MET alteration distribution in TCGA cancer tissues. (A) MET alteration (combined mutation and CNVs) frequency across 32 cancer types. (B) The
distribution of MET CNVs along with mutations located in different protein functional domains of MET.

showed a response to MET small molecule inhibitors such as
crizotinib and cabozantinib (40). In this study, X1010_splice was
found to be the most frequent mutation type in LUAD. This splice
variant was located in the intracellular juxtamembrane domain.
The juxtamembrane domain is encoded in part by MET exon
14 and contains several important regulatory elements, including
the c-Cbl binding site, which contributed to the degradation
of MET protein (41). MET X1010 splice alteration is known
to be oncogenic, and LUAD patients harboring MET exon 14
alterations, such as MET X1010_splice, can be treated with the
NCCN-compendium listed drug crizotinib (32, 33). However,
several recent reports have shown that many patients receiving
these MET small molecule inhibitors showed progression, and
further studies to understand the resistance mechanisms are
required (42). In addition, the prognostic role of MET in LUAD
was quite clear, and both high expression and amplification
of MET were significantly associated with poor prognosis.
Moreover, in LUAD, half of the mutations were oncogenic/likely
oncogenic, but half of them are still unknown, highlighting the
challenge of further interpretation of mutations.

The MET pathway was reported to play an important role
in KIRP (43). In this large TCGA dataset, KIRP had very high
MET-combined alterations, and this high alteration was mostly
driven by a high proportion of mutations. Compared with other
cancer types, mutations in KIRP were primarily located in the
Pkinase-Tyr domain, which is known for targeted therapy with
TKIs. Currently, several MET TKIs, such as crizotinib, have been
approved in NSCLC, but their applications in KIRP are still under
active investigation (44). Consistent with the results found in our
study, almost all mutations in KIRP were in level NA without
targeted therapy. Patients’ outcomes were typically worse in KIRP
when treated with conventional therapies, driving an urgent need
for continued investigation on MET target therapy (43, 45). In
addition, high expression of MET was discovered in KIRP, and
most mutations in KIRP were oncogenic and likely oncogenic;
however, there was no association observed between MET
expression and patient prognosis in this dataset, although some
reports indicated otherwise (46). This paradox could be due to the
absence of well-known responsive mutations and the presence
of alternative compensatory pathways interacting with MET
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FIGURE 7 | Association between MET alterations and patient prognosis. (A) The association between MET expression and patient overall survival (OS) as presented
in the forest plot. (B) The association between MET expression and patient progression-free survival (PFS) as presented in the forest plot. (C) The association
between MET alterations and patient OS as presented in the forest plot. (D) The association between MET amplification and patient OS as presented in the forest
plot. Only cancer types with at least eight tumor samples containing amplification were analyzed.

pathways, such as the MAPK/ERK and PI3K/AKT pathways (43,
47, 48), which inspired further research on combinatorial therapy
strategies in KIRP.

The patients with UCEC had the highest frequency of MET
alterations, which was mostly driven by a high proportion
of mutations. However, the detailed functional roles of these
mutations were unknown. It is well known that genomic
instability and high mutation rates cause cancer to acquire
numerous mutations during evolution. Most are termed
passenger mutations, which represent approximately 97% of
all cancerous mutations and do not confer cancer phenotypes.
Driver mutations are usually defined as mutations that give
cancer cells a fundamental growth advantage for its neoplastic
transformation (49). However, several recent reports have
showed that passenger mutations may also have critical
functional roles in driving cancer, with some authors describing
them as mini drivers. They found that the aggregated impact of
putative passenger mutations could provide significant predictive
power to distinguish cancer from non-cancer phenotypes (50,
51). The above content implied to us that in some types of
cancers, such as UCEC, even most of these mutations belonged
to the unknown class; more efforts are needed to determine the

meanings of these mutations, which might be found to also have
important functional roles in driving tumorigenesis.

In addition, several reports have showed that some gene
mutations, like BRAF mutation and ERBB2 mutation, were
associated with MSI status in several cancer types (52–54). What
is more, MET overexpression was also found to be associated with
MSI status in gastric carcinomas (55). However, the association
between MET alterations and MSI status in UCEC has not
been reported yet and needs to be further clarified with more
UCEC patients’ data. As we all know, the most frequent driver
oncogenic mutations in SKCM were BRAF, NRAS, and KIT
mutations (56), while the frequent MET mutation was rarely
reported. However, high expression of MET was often reported
in SKCM patients (57); the underlying mechanisms driving MET
overexpression in SKCM is unknown. Especially, much more
efforts are needed to further explore the roles of MET alterations
in SKCM patients.

The prognostic roles of MET in PAAD were quite clear in
this dataset. High MET expression was significantly associated
with both short OS and PFS of patients with PAAD. However,
PAAD harbored very few alterations in which mutations
accounted for the most, and the meaning of these mutations is
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rarely known. Thus, more efforts to interpret these unknown
mutations are needed.

Esophageal carcinoma, STAD, and OV harbored similar
characteristics in this dataset: high expression of MET, high
frequency of MET CNV, but relatively few MET mutations.
Multiple therapeutic agents that target the hepatocyte growth
factor (HGF)–MET pathway in these cancers are under
development (58). Targeted therapy with rilotumumab, an anti-
HGF IgG2 antibody that inhibits HGF–MET binding (59), along
with traditional therapy could extend OS and PFS in MET-
positive patients with ESCA and STAD in a phase II study
(60) but failed in phase III clinical trials (58). Moreover, for
patients with OV, phase II trials using rilotumumab had been
conducted and showed limited impact on patient survival (61,
62). Thus, additional research on targeted therapy in these
cancers is required.

Nevertheless, there were some limitations that need to be
noted in this study. First, although we profiled 32 cancer
types, some cancer types did not have sufficient sample size,
leading to the full expression and alteration spectrum of MET
being hard to achieve. More studies with sufficient samples
in these cancers should be investigated further. Additionally,
the alteration frequency of MET across all cancer types was
approximately 0 to 10%. This low alteration frequency also
made our analysis more difficult and challenging. Moreover,
we mainly focus on the pancancer analysis of MET expression
and alterations across multiple cancer types, without in-depth
analysis for individual cancer types. In addition, though several
papers have reported the alteration profiles of MET in human
cancers (12, 63, 64), these results among the published data
might be biased due to additional curation during the publication
process. Thus, in our reports, the MET profiles were mainly
evaluated by cBioportal, which could unify the TCGA data
across all tumor types with uniform clinical elements and ideally
processed curation (65).

CONCLUSION

In conclusion, we first reported the comprehensive pancancer
views of MET aberrations and their association with patient
outcomes across 32 TCGA cancer types. Some alterations are
more involved in the development of tumors, while others
participate more in targeted therapy. Moreover, some cancer
types with low MET alteration frequency were associated
with outcomes, but unexpectedly, others with high alteration
frequency were not. Taken together, these results provide a
significant novel understanding of MET deregulation in cancer
biology. The data presented here are also relevant for targeting
MET in cancer therapy, both by revealing vulnerable cancer types
and by identifying potential therapeutic biomarkers.

DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the
article/Supplementary Material.

AUTHOR CONTRIBUTIONS

YY and ZX contributed to the conception and design of this
study. JL, KH, YY, and ZX contributed to writing, review,
and/or revision of the manuscript. LZ, JH, and SZ provided
administrative, technical, and/or material support. All authors
approved the final version of manuscript.

FUNDING

This study is supported by grants from the Natural Science
Foundation of Hunan Province (2018JJ3820, 2019JJ50932, and
2020JJ5934), National Natural Science Foundation of China
(81703036 and 81803035), and the China Postdoctoral Science
Foundation (2020M672521 and 2017M610510).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2020.560615/full#supplementary-material

Supplementary Figure 1 | MET expression in normal and cancer tissues. (A)
MET expression among 53 types of normal tissues. (B) MET expression between
tumors and paired normal samples across TCGA cancer types from GEPIA. MET
expression is upregulated in CESE, COAD, DLBL, ESCA, HNSC, KICH, KIRC,
KIRP, LUAD, LUSC, OV, PAAD, READ, SKCM, STAD, TGCT, THCA, THYM,
UCEC, and UCS but downregulated in BRCA, LAML, and LGG (all P < 0.01).
Abbreviations: TPM, transcripts per million.

Supplementary Figure 2 | MET mutation distribution in different protein
functional domains. (A) MET mutation distribution in different protein functional
domains for all cancer types together. (B) MET mutation distribution in different
protein functional domains in LUAD. (C) MET mutation distribution in different
protein functional domains in KIRP. (D) MET mutation distribution in different
protein functional domains in UCEC.

Supplementary Figure 3 | The correlation between MET CNVs and MET mRNA
expression. MET linear copy number value correlations with MET mRNA
expression (RNA-seqV2 RSEM, log10 transformed) across different cancer types.

Supplementary Table 1 | Summary of TCGA cancer types and sample size.

Supplementary Table 2 | Detailed information on 311 human MET somatic
mutations from cBioportal for 32 cancer types.

Supplementary Table 3 | Somatic mutation distribution in different functional
domains of MET for cancers with MET mutations and all cancers together.

REFERENCES
1. Liu H, Deng H, Zhao Y, Li C, Liang Y. LncRNA XIST/miR-34a axis

modulates the cell proliferation and tumor growth of thyroid cancer through

MET-PI3K-AKT signaling. J Exp Clin Cancer Res. (2018) 37:279. doi: 10.1186/
s13046-018-0950-9

2. Zhang Y, Xia M, Jin K, Wang S, Wei H, Fan C, et al. Function
of the c-Met receptor tyrosine kinase in carcinogenesis and associated

Frontiers in Oncology | www.frontiersin.org 11 October 2020 | Volume 10 | Article 560615

https://www.frontiersin.org/articles/10.3389/fonc.2020.560615/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2020.560615/full#supplementary-material
https://doi.org/10.1186/s13046-018-0950-9
https://doi.org/10.1186/s13046-018-0950-9
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


fonc-10-560615 October 11, 2020 Time: 10:52 # 12

Li et al. Pancancer Analysis of MET Aberrations

therapeutic opportunities. Mol Cancer. (2018) 17:45. doi: 10.1186/s12943-018-
0796-y

3. Liu Z, Lin Y, Zhang J, Zhang Y, Li Y, Liu Z, et al. Molecular targeted and
immune checkpoint therapy for advanced hepatocellular carcinoma. J Exp
Clin Cancer Res. (2019) 38:447. doi: 10.1186/s13046-019-1412-8

4. Birchmeier C, Birchmeier W, Gherardi E, Vande Woude GF. Met, metastasis,
motility and more. Nat Rev Mol Cell Biol. (2003) 4:915–25. doi: 10.1038/
nrm1261

5. Danilkovitch-Miagkova A, Zbar B. Dysregulation of Met receptor tyrosine
kinase activity in invasive tumors. J Clin Invest. (2002) 109:863–7. doi: 10.1172/
JCI15418

6. Soman NR, Correa P, Ruiz BA, Wogan GN. The TPR-MET oncogenic
rearrangement is present and expressed in human gastric carcinoma and
precursor lesions. Proc Natl Acad Sci USA. (1991) 88:4892–6. doi: 10.1073/
pnas.88.11.4892

7. Go H, Jeon YK, Park HJ, Sung SW, Seo JW, Chung DH. High MET gene copy
number leads to shorter survival in patients with non-small cell lung cancer. J
Thorac Oncol. (2010) 5:305–13. doi: 10.1097/JTO.0b013e3181ce3d1d

8. Qu J, Liu L, Heng J, Zhou C, Xiong Y, Jiang W, et al. A study evaluating the
different treatment modalities for EGFR mutation positive advanced NSCLC
patients that acquire c-MET amplification after EGFR TKI therapy resistant.
Ann Oncol. (2019) 30(Suppl. 2):ii51. doi: 10.1093/annonc/mdz063.031

9. Miller CT, Lin L, Casper AM, Lim J, Thomas DG, Orringer MB, et al.
Genomic amplification of MET with boundaries within fragile site FRA7G
and upregulation of MET pathways in esophageal adenocarcinoma. Oncogene.
(2006) 25:409–18. doi: 10.1038/sj.onc.1209057

10. Schmidt L, Duh FM, Chen F, Kishida T, Glenn G, Choyke P, et al. Germline
and somatic mutations in the tyrosine kinase domain of the MET proto-
oncogene in papillary renal carcinomas. Nat Genet. (1997) 16:68–73. doi:
10.1038/ng0597-68

11. Rosen LS, Goldman JW, Algazi AP, Turner PK, Moser B, Hu T, et al. A first-in-
human phase I study of a bivalent MET antibody, emibetuzumab (LY2875358),
as monotherapy and in combination with erlotinib in advanced cancer. Clin
Cancer Res. (2017) 23:1910–9. doi: 10.1158/1078-0432.CCR-16-1418

12. Wang Q, Yang S, Wang K, Sun SY. MET inhibitors for targeted therapy of
EGFR TKI-resistant lung cancer. J Hematol Oncol. (2019) 12:63. doi: 10.1186/
s13045-019-0759-9

13. Pasquini G, Giaccone G. C-MET inhibitors for advanced non-small cell lung
cancer. Expert Opin Investig Drugs. (2018) 27:363–75. doi: 10.1080/13543784.
2018.1462336

14. Tong M, Gao M, Xu Y, Fu L, Li Y, Bao X, et al. SHR-A1403, a
novel c-mesenchymal-epithelial transition factor (c-Met) antibody-drug
conjugate, overcomes AZD9291 resistance in non-small cell lung cancer cells
overexpressing c-Met. Cancer Sci. (2019) 110:3584–94. doi: 10.1111/cas.14180

15. Carithers LJ, Moore HM. The genotype-tissue expression (GTEx) project.
Biopreserv Biobank. (2015) 13:307–8. doi: 10.1089/bio.2015.29031.hmm

16. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al.
Integrative analysis of complex cancer genomics and clinical profiles using the
cBioPortal. Sci Signal. (2013) 6:l1. doi: 10.1126/scisignal.2004088

17. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web server for cancer
and normal gene expression profiling and interactive analyses. Nucleic Acids
Res. (2017) 45:W98–102. doi: 10.1093/nar/gkx247

18. Li J, Akbani R, Zhao W, Lu Y, Weinstein JN, Mills GB, et al. Explore, visualize,
and analyze functional cancer proteomic data using the cancer proteome atlas.
Cancer Res. (2017) 77:e51–4. doi: 10.1158/0008-5472.CAN-17-0369

19. Subedi P, Nembrini S, An Q, Zhu Y, Peng H, Yeh F, et al. Telomere length
and cancer mortality in American Indians: the strong heart study. GeroScience.
(2019) 41:351–61. doi: 10.1007/s11357-019-00080-4

20. Banse SA, Lucanic M, Sedore CA, Coleman-Hulbert AL, Plummer WT, Chen
E, et al. Automated lifespan determination across Caenorhabditis strains and
species reveals assay-specific effects of chemical interventions. GeroScience.
(2019) 41:945–60. doi: 10.1007/s11357-019-00108-9

21. Dong S, Wang R, Wang H, Ding Q, Zhou X, Wang J, et al. HOXD-AS1
promotes the epithelial to mesenchymal transition of ovarian cancer cells by
regulating miR-186-5p and PIK3R3. J Exp Clin Cancer Res. (2019) 38:110.
doi: 10.1186/s13046-019-1103-5

22. Logan S, Owen D, Chen S, Chen WJ, Ungvari Z, Farley J, et al. Simultaneous
assessment of cognitive function, circadian rhythm, and spontaneous activity

in aging mice. GeroScience. (2018) 40:123–37. doi: 10.1007/s11357-018-
0019-x

23. Hou GX, Liu P, Yang J, Wen S. Mining expression and prognosis of
topoisomerase isoforms in non-small-cell lung cancer by using Oncomine and
Kaplan-Meier plotter. PLoS One. (2017) 12:e0174515. doi: 10.1371/journal.
pone.0174515

24. Huang WC, Jang TH, Tung SL, Yen TC, Chan SH, Wang LH. A novel
miR-365-3p/EHF/keratin 16 axis promotes oral squamous cell carcinoma
metastasis, cancer stemness and drug resistance via enhancing beta5-
integrin/c-met signaling pathway. J Exp Clin Cancer Res. (2019) 38:89. doi:
10.1186/s13046-019-1091-5

25. Luo T, Zhang SG, Zhu LF, Zhang FX, Li W, Zhao K, et al. A selective c-Met and
Trks inhibitor Indo5 suppresses hepatocellular carcinoma growth. J Exp Clin
Cancer Res. (2019) 38:130. doi: 10.1186/s13046-019-1104-4

26. Liu B, Liu Q, Pan S, Huang Y, Qi Y, Li S, et al. The HOTAIR/miR-214/ST6GAL1
crosstalk modulates colorectal cancer procession through mediating sialylated
c-Met via JAK2/STAT3 cascade. J Exp Clin Cancer Res. (2019) 38:455. doi:
10.1186/s13046-019-1468-5

27. Merchant M, Ma X, Maun HR, Zheng Z, Peng J, Romero M, et al. Monovalent
antibody design and mechanism of action of onartuzumab, a MET antagonist
with anti-tumor activity as a therapeutic agent. Proc Natl Acad Sci USA. (2013)
110:E2987–96. doi: 10.1073/pnas.1302725110

28. Kozlov G, Perreault A, Schrag JD, Park M, Cygler M, Gehring K, et al. Insights
into function of PSI domains from structure of the Met receptor PSI domain.
Biochem Biophys Res Commun. (2004) 321:234–40. doi: 10.1016/j.bbrc.2004.
06.132

29. Bork P, Doerks T, Springer TA, Snel B. Domains in plexins: links to integrins
and transcription factors. Trends Biochem Sci. (1999) 24:261–3. doi: 10.1016/
s0968-0004(99)01416-4

30. Bardelli A, Ponzetto C, Comoglio PM. Identification of functional domains
in the hepatocyte growth factor and its receptor by molecular engineering.
J Biotechnol. (1994) 37:109–22. doi: 10.1016/0168-1656(94)90002-7

31. Longati P, Bardelli A, Ponzetto C, Naldini L, Comoglio PM. Tyrosines1234-
1235 are critical for activation of the tyrosine kinase encoded by the MET
proto-oncogene (HGF receptor). Oncogene. (1994) 9:49–57.

32. Landi L, Chiari R, Tiseo M, D’Inca F, Dazzi C, Chella A, et al. Crizotinib in
MET-deregulated or ROS1-rearranged pretreated non-small cell lung cancer
(METROS): a phase II, prospective, multicenter, two-arms trial. Clin Cancer
Res. (2019) 25:7312–9. doi: 10.1158/1078-0432.CCR-19-0994

33. Awad MM, Oxnard GR, Jackman DM, Savukoski DO, Hall D, Shivdasani P,
et al. MET exon 14 mutations in non-small-cell lung cancer are associated with
advanced age and stage-dependent MET genomic amplification and c-Met
overexpression. J Clin Oncol. (2016) 34:721–30. doi: 10.1200/JCO.2015.63.
4600

34. Dhillon S. Capmatinib: first approval. Drugs. (2020) 80:1125–31. doi: 10.1007/
s40265-020-01347-3

35. Wolf J, Seto T, Han JY, Reguart N, Garon EB, Groen HJM, et al. Capmatinib in
MET Exon 14-Mutated or MET-amplified non-small-cell lung cancer. N Engl
J Med. (2020) 383:944–57. doi: 10.1056/NEJMoa2002787

36. Markham A. Tepotinib: first approval. Drugs. (2020) 80:829–33. doi: 10.1007/
s40265-020-01317-9

37. Paik PK, Felip E, Veillon R, Sakai H, Cortot AB, Garassino MC, et al. Tepotinib
in non-small-cell lung cancer with MET exon 14 skipping mutations. N Engl J
Med. (2020) 383:931–43. doi: 10.1056/NEJMoa2004407

38. Chakravarty D, Gao J, Phillips SM, Kundra R, Zhang H, Wang J, et al.
OncoKB: a precision oncology knowledge base. JCO Precis Oncol. (2017)
2017:PO.17.00011. doi: 10.1200/PO.17.00011

39. Wang F, Diao XY, Zhang X, Shao Q, Feng YF, An X, et al. Identification
of genetic alterations associated with primary resistance to EGFR-TKIs in
advanced non-small-cell lung cancer patients with EGFR sensitive mutations.
Cancer Commun. (2019) 39:7. doi: 10.1186/s40880-019-0354-z

40. Wang SXY, Zhang BM, Wakelee HA, Koontz MZ, Pan M, Diehn M,
et al. Case series of MET exon 14 skipping mutation-positive non-
small-cell lung cancers with response to crizotinib and cabozantinib.
Anti Cancer Drugs. (2019) 30:537–41. doi: 10.1097/CAD.000000000000
0765

41. Cheng F, Guo D. MET in glioma: signaling pathways and targeted therapies. J
Exp Clin Cancer Res. (2019) 38:270. doi: 10.1186/s13046-019-1269-x

Frontiers in Oncology | www.frontiersin.org 12 October 2020 | Volume 10 | Article 560615

https://doi.org/10.1186/s12943-018-0796-y
https://doi.org/10.1186/s12943-018-0796-y
https://doi.org/10.1186/s13046-019-1412-8
https://doi.org/10.1038/nrm1261
https://doi.org/10.1038/nrm1261
https://doi.org/10.1172/JCI15418
https://doi.org/10.1172/JCI15418
https://doi.org/10.1073/pnas.88.11.4892
https://doi.org/10.1073/pnas.88.11.4892
https://doi.org/10.1097/JTO.0b013e3181ce3d1d
https://doi.org/10.1093/annonc/mdz063.031
https://doi.org/10.1038/sj.onc.1209057
https://doi.org/10.1038/ng0597-68
https://doi.org/10.1038/ng0597-68
https://doi.org/10.1158/1078-0432.CCR-16-1418
https://doi.org/10.1186/s13045-019-0759-9
https://doi.org/10.1186/s13045-019-0759-9
https://doi.org/10.1080/13543784.2018.1462336
https://doi.org/10.1080/13543784.2018.1462336
https://doi.org/10.1111/cas.14180
https://doi.org/10.1089/bio.2015.29031.hmm
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1093/nar/gkx247
https://doi.org/10.1158/0008-5472.CAN-17-0369
https://doi.org/10.1007/s11357-019-00080-4
https://doi.org/10.1007/s11357-019-00108-9
https://doi.org/10.1186/s13046-019-1103-5
https://doi.org/10.1007/s11357-018-0019-x
https://doi.org/10.1007/s11357-018-0019-x
https://doi.org/10.1371/journal.pone.0174515
https://doi.org/10.1371/journal.pone.0174515
https://doi.org/10.1186/s13046-019-1091-5
https://doi.org/10.1186/s13046-019-1091-5
https://doi.org/10.1186/s13046-019-1104-4
https://doi.org/10.1186/s13046-019-1468-5
https://doi.org/10.1186/s13046-019-1468-5
https://doi.org/10.1073/pnas.1302725110
https://doi.org/10.1016/j.bbrc.2004.06.132
https://doi.org/10.1016/j.bbrc.2004.06.132
https://doi.org/10.1016/s0968-0004(99)01416-4
https://doi.org/10.1016/s0968-0004(99)01416-4
https://doi.org/10.1016/0168-1656(94)90002-7
https://doi.org/10.1158/1078-0432.CCR-19-0994
https://doi.org/10.1200/JCO.2015.63.4600
https://doi.org/10.1200/JCO.2015.63.4600
https://doi.org/10.1007/s40265-020-01347-3
https://doi.org/10.1007/s40265-020-01347-3
https://doi.org/10.1056/NEJMoa2002787
https://doi.org/10.1007/s40265-020-01317-9
https://doi.org/10.1007/s40265-020-01317-9
https://doi.org/10.1056/NEJMoa2004407
https://doi.org/10.1200/PO.17.00011
https://doi.org/10.1186/s40880-019-0354-z
https://doi.org/10.1097/CAD.0000000000000765
https://doi.org/10.1097/CAD.0000000000000765
https://doi.org/10.1186/s13046-019-1269-x
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


fonc-10-560615 October 11, 2020 Time: 10:52 # 13

Li et al. Pancancer Analysis of MET Aberrations

42. Lovly CM, Shaw AT. Molecular pathways: resistance to kinase inhibitors and
implications for therapeutic strategies. Clin Cancer Res. (2014) 20:2249–56.
doi: 10.1158/1078-0432.CCR-13-1610

43. Rhoades Smith KE, Bilen MA. A review of papillary renal cell carcinoma and
MET inhibitors. Kidney Cancer. (2019) 3:151–61. doi: 10.3233/KCA-190058

44. Schoffski P, Wozniak A, Escudier B, Rutkowski P, Anthoney A, Bauer S, et al.
Crizotinib achieves long-lasting disease control in advanced papillary renal-
cell carcinoma type 1 patients with MET mutations or amplification. EORTC
90101 CREATE trial. Eur J Cancer. (2017) 87:147–63. doi: 10.1016/j.ejca.2017.
10.014

45. Schuller AG, Barry ER, Jones RD, Henry RE, Frigault MM, Beran G, et al.
The MET inhibitor AZD6094 (Savolitinib, HMPL-504) induces regression in
papillary renal cell carcinoma patient-derived xenograft models. Clin Cancer
Res. (2015) 21:2811–9. doi: 10.1158/1078-0432.CCR-14-2685

46. Gibney GT, Aziz SA, Camp RL, Conrad P, Schwartz BE, Chen CR, et al. c-Met
is a prognostic marker and potential therapeutic target in clear cell renal cell
carcinoma. Ann Oncol. (2013) 24:343–9. doi: 10.1093/annonc/mds463

47. Choueiri TK, Plimack E, Arkenau HT, Jonasch E, Heng DYC, Powles T,
et al. Biomarker-based phase II trial of savolitinib in patients with advanced
papillary renal cell cancer. J Clin Oncol. (2017) 35:2993–3001. doi: 10.1200/
JCO.2017.72.2967

48. Gilbert JA. Savolitinib for MET-driven papillary renal cell carcinoma. Lancet
Oncol. (2017) 18:e440. doi: 10.1016/S1470-2045(17)30508-9

49. Pon JR, Marra MA. Driver and passenger mutations in cancer. Annu Rev
Pathol. (2015) 10:25–50. doi: 10.1146/annurev-pathol-012414-040312

50. Castro-Giner F, Ratcliffe P, Tomlinson I. The mini-driver model of polygenic
cancer evolution. Nat Rev Cancer. (2015) 15:680–5. doi: 10.1038/nrc3999

51. Kumar S, Warrell J, Li S, McGillivray PD, Meyerson W, Salichos L, et al.
Passenger mutations in more than 2,500 cancer genomes: overall molecular
functional impact and consequences. Cell. (2020) 180:915–27.e16. doi: 10.
1016/j.cell.2020.01.032

52. Chouhan H, Sammour T, Thomas ML, Moore JW. The interaction between
BRAF mutation and microsatellite instability (MSI) status in determining
survival outcomes after adjuvant 5FU based chemotherapy in stage III colon
cancer. J Surg Oncol. (2018) 118:1311–7. doi: 10.1002/jso.25275

53. Allegretti M, Fabi A, Buglioni S, Martayan A, Conti L, Pescarmona E, et al.
Tearing down the walls: FDA approves next generation sequencing (NGS)
assays for actionable cancer genomic aberrations. J Exp Clin Cancer Res. (2018)
37:47. doi: 10.1186/s13046-018-0702-x

54. Porru M, Pompili L, Caruso C, Biroccio A, Leonetti C. Targeting KRAS in
metastatic colorectal cancer: current strategies and emerging opportunities. J
Exp Clin Cancer Res. (2018) 37:57. doi: 10.1186/s13046-018-0719-1

55. Sim J, Heo YJ, Bae H, Shin HC, Kim B, Cho J, et al. MET is overexpressed
in microsatellite instability-high gastric carcinoma. Pathol Res Pract. (2019)
215:433–8. doi: 10.1016/j.prp.2018.11.010

56. Timar J, Vizkeleti L, Doma V, Barbai T, Raso E. Genetic progression of
malignant melanoma. Cancer Metastasis Rev. (2016) 35:93–107. doi: 10.1007/
s10555-016-9613-5

57. Kubic JD, Little EC, Lui JW, Iizuka T, Lang D. PAX3 and ETS1 synergistically
activate MET expression in melanoma cells. Oncogene. (2015) 34:4964–74.
doi: 10.1038/onc.2014.420

58. Kim KH, Kim H. Progress of antibody-based inhibitors of the HGF-cMET axis
in cancer therapy. Exp Mol Med. (2017) 49:e307. doi: 10.1038/emm.2017.17

59. Burgess TL, Sun J, Meyer S, Tsuruda TS, Sun J, Elliott G, et al. Biochemical
characterization of AMG 102: a neutralizing, fully human monoclonal
antibody to human and nonhuman primate hepatocyte growth factor. Mol
Cancer Ther. (2010) 9:400–9. doi: 10.1158/1535-7163.MCT-09-0824

60. Iveson T, Donehower RC, Davidenko I, Tjulandin S, Deptala A, Harrison
M, et al. Rilotumumab in combination with epirubicin, cisplatin, and
capecitabine as first-line treatment for gastric or oesophagogastric junction
adenocarcinoma: an open-label, dose de-escalation phase 1b study and a
double-blind, randomised phase 2 study. Lancet Oncol. (2014) 15:1007–18.
doi: 10.1016/S1470-2045(14)70023-3

61. Martin LP, Sill M, Shahin MS, Powell M, DiSilvestro P, Landrum LM, et al.
A phase II evaluation of AMG 102 (rilotumumab) in the treatment of
persistent or recurrent epithelial ovarian, fallopian tube or primary peritoneal
carcinoma: a gynecologic oncology group study. Gynecol Oncol. (2014)
132:526–30. doi: 10.1016/j.ygyno.2013.12.018

62. Gordon MS, Sweeney CS, Mendelson DS, Eckhardt SG, Anderson A, Beaupre
DM, et al. Safety, pharmacokinetics, and pharmacodynamics of AMG 102, a
fully human hepatocyte growth factor-neutralizing monoclonal antibody, in a
first-in-human study of patients with advanced solid tumors. Clin Cancer Res.
(2010) 16:699–710. doi: 10.1158/1078-0432.CCR-09-1365

63. Xie Y, Nurkesh AA, Ibragimova N, Zhanzak Z, Meyerbekova A, Alexeyeva Z,
et al. Systematic analysis of NLMP suggests nuclear localization of RTK/MET
kinases resemble cancer cell clearance. J Exp Clin Cancer Res. (2019) 38:43.
doi: 10.1186/s13046-018-1004-z

64. Ikeda S, Schwaederle M, Mohindra M, Fontes Jardim DL, Kurzrock R. MET
alterations detected in blood-derived circulating tumor DNA correlate with
bone metastases and poor prognosis. J Hematol Oncol. (2018) 11:76. doi:
10.1186/s13045-018-0610-8

65. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The
cBio cancer genomics portal: an open platform for exploring multidimensional
cancer genomics data. Cancer Discov. (2012) 2:401–4. doi: 10.1158/2159-8290.
CD-12-0095

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Li, Hu, Zhou, Huang, Zeng, Xu and Yan. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 13 October 2020 | Volume 10 | Article 560615

https://doi.org/10.1158/1078-0432.CCR-13-1610
https://doi.org/10.3233/KCA-190058
https://doi.org/10.1016/j.ejca.2017.10.014
https://doi.org/10.1016/j.ejca.2017.10.014
https://doi.org/10.1158/1078-0432.CCR-14-2685
https://doi.org/10.1093/annonc/mds463
https://doi.org/10.1200/JCO.2017.72.2967
https://doi.org/10.1200/JCO.2017.72.2967
https://doi.org/10.1016/S1470-2045(17)30508-9
https://doi.org/10.1146/annurev-pathol-012414-040312
https://doi.org/10.1038/nrc3999
https://doi.org/10.1016/j.cell.2020.01.032
https://doi.org/10.1016/j.cell.2020.01.032
https://doi.org/10.1002/jso.25275
https://doi.org/10.1186/s13046-018-0702-x
https://doi.org/10.1186/s13046-018-0719-1
https://doi.org/10.1016/j.prp.2018.11.010
https://doi.org/10.1007/s10555-016-9613-5
https://doi.org/10.1007/s10555-016-9613-5
https://doi.org/10.1038/onc.2014.420
https://doi.org/10.1038/emm.2017.17
https://doi.org/10.1158/1535-7163.MCT-09-0824
https://doi.org/10.1016/S1470-2045(14)70023-3
https://doi.org/10.1016/j.ygyno.2013.12.018
https://doi.org/10.1158/1078-0432.CCR-09-1365
https://doi.org/10.1186/s13046-018-1004-z
https://doi.org/10.1186/s13045-018-0610-8
https://doi.org/10.1186/s13045-018-0610-8
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1158/2159-8290.CD-12-0095
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Spectrum of Mesenchymal–Epithelial Transition Aberrations and Potential Clinical Implications: Insights From Integrative Pancancer Analysis
	Introduction
	Materials and Methods
	Data Acquisition and Reanalysis Using Different Bioinformatics Tools
	Statistical Analyses

	Results
	MET Expression in Pancancer
	MET Somatic Mutation Patterns Across Cancer Types
	MET CNVs in Different Cancer Types
	Combined MET Alterations (Mutation and CNVs) in Different Cancer Types
	MET Alterations and Patient Survival

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


