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ABSTRACT

Background: Tivantinib was designed to kill cancers by targeting the 
mesenchymal-epithelial transition (MET) protein. Although numerous tivantinib 
clinical trials are ongoing, tivantinib's efficacy and safety are still not clear. This 
meta-analysis was done to evaluate tivantinib's efficacy and safety in solid tumor 
treatment.

Materials and Methods: PUBMED, EMBASE, and other databases were searched 
for eligible tivantinib clinical trials. The hazard ratio (HR) and 95% confidence interval 
(CI) of progression-free and overall survival (PFS and OS, respectively) were pooled 
and analyzed to evaluate tivantinib's efficacy. Data concerning adverse events (Grade 
≥ 3) were pooled to calculate relative risks (RRs) with 95% CI for tivantinib-treated 
compared with control arms.

Findings: Patients (1824) from six randomized control trials (RCTs) were 
enrolled. Compared with controls, tivantinib produced a significant improvement in 
PFS (HR, 0.73; 95% CI 0.65–0.83) but not in OS. In the non-small-cell lung cancer 
(NSCLC) subgroup, tivantinib combined with erlotinib prolonged patients' PFS when 
compared with controls (HR, 0.75; 95% CI, 0.65–0.86). In the white population, 
tivantinib also significantly improve PFS between treatment and control arms (HR, 
0.75; 95% CI, 0.65–0.87). Tivantinib significantly improved OS in patients with high 
levels of MET expression. Tivantinib was shown to increase the risk of anemia and 
neutropenia.

Interpretation: Tivantinib was better in prolonging PFS (not OS) in patients with 
solid tumors. High MET expression cancers may benefit from tivantinib. Tivantinib 
appeared to be well-tolerated by patients.

INTRODUCTION

The mesenchymal-epithelial transition (MET) 

protein is a member of the tyrosine kinase receptor 

superfamily. It is encoded by the MET proto-oncogene. 

Hepatocyte growth factor (HGF) has been shown to be 

the ligand of MET. The MET/hepatocye growth factor 

pathway appears to have important roles in tumor 

proliferation and invasion [1]. Normally, MET appears 

to be widely expressed in very low levels in all kinds 

of tissues. However, it has been shown to often be 

aberrantly activated in solid tumors. Previous studies 

have suggested that MET was overexpressed or amplified 
in various human cancers, especially in non-small cell 
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lung cancer (NSCLC) [2–4]. Patients overexpressing 

MET may have poor clinical outcomes. It was reported 

that median disease-free survival in patients with low 

levels of MET expression was as long as 53 months; in 

contrast, however, it was only eight months in patients 

with high levels of MET expression [5]. Approximately 

one fifth of epidermal growth factor receptor (EGFR) 
inhibitor resistance in NSCLC was related to MET 

amplification [6]. MET amplification may also contribute 
to tumor metastasis as MET expression was significantly 
higher in metastatic cancers than primary cancers [7]. 

Thus, targeting MET may be an effective strategy for 

cancer therapy. Until now, numerous molecular inhibitors 

have been designed to treat cancers via inhibition of 

MET activity. These inhibitiors include cabozantinib, 

amuvatinib, criotinib, and foretinib in addition to others. 

However, most of these inhibitors are multi-target drugs, 

targeting not only MET but also anaplastic lymphoma 

kinase (ALK), AXL, VEGFR2, RET, and KIT [8]. 
Although some of them produced good clinical outcomes, 

we couldn’t determine whether it was due to MET or 

other target suppression. 

Tivantinib (AQR197) is a highly selective 
MET inhibitor. It can inhibit MET phosphorylation 

and downstream signaling pathways [9]. It has been 
reported in various cancer cell lines that tivantinib can 

bind MET in non-phosphorylated or inactive form, 

inhibit both constitutive and ligand-mediated MET 

autophosphorylation, then maintain this inactive state [10]. 

Not like other ATP dependent C-Met kinase inhibitors, 

tivantinib was non-ATP competitive. Besides, it inhibited 

c-Met with an inhibitory constant[Ki] of only 355 nmol/L, 

which suggested it was not potent enough to inhibit other 

human kinases, even Ron kinase which also belongs to the 
same family of c-Met [9].

In recent years, many clinical trials have been 

done or are ongoing in order to evaluate tivantinib’s 

effects against various solid tumors such as NSCLC, 

hepatocellular carcinoma, and colorectal, prostate, and 

gastric cancers in addition to others. Some of the trials 

have been beneficial to patients. For example, erlotinib 
was one of first generation tyrosine kinase inhibitors, 
and while it performed well in the treatment of EGFR 
mutation lung cancers, most of patients would eventually 

present resistance to erlotinib. However, when combined 

with tivantinib, erlotinib appeared to significantly prolong 
patients’ progression-free survival (PFS) [11]. In a phase 

II trial, tivantinib failed to meet prespecified statistical 
targets for efficacy since the overall response rate was only 
5% [12]. Thus, tivantinib’s efficacy in the treatment of 
solid tumors seems questionable. In addition, as with other 

anti-tumor agents, tivantinib was shown to induce some 

adverse events (AEs) such as interstitial lung disease, 

anemia, fatigue, neutropenia, and leukopenia [13]. In this 

meta-analysis, we aimed to explore the efficacy and safety 
of tivantinib in the treatment of solid tumors.

RESULTS

Literature search

According to our retrieval strategy, a total of 759 
items were identified. After the first round of screening by 
title and abstract, 679 irrelevant articles were excluded, 
and 80 articles remained for full review. After carefully 
reviewing the full texts, 74 articles were excluded: 1.) 

41 were single arm or phase I studies; 2.) eight were 

overlapping studies; 3.) two were retrospective studies; and 

4) 23 articles contained no relative outcomes. Ultimately, 

six eligible RCTs were included for analysis (Figure 1). 
Among the six included articles, three were NSCLC-

related and one was related to hepatocellular carcinoma, 

one to colorectal cancer, and one to prostate cancer [11, 13,  

14–17]. Data from a total of 1824 patients were included. 
Detailed information is presented in Table 1.

PFS and OS

All the six trials reported PFS for the cancer study 

population. Compared with control arms, tivantinib could 

significantly prolong PFS in solid tumor patients (HR, 
0.73; 95% CI, 0.65–0.83; Figure 2A). Five of the six trials 
reported OS of the cancer study population, and there were 

no differences in OS between tivantinib and control arms 

(HR, 0.93; 95% CI, 0.82–1.04; Figure 2B).

Subgroup analysis

Three of the six included trials described NSCLC 

treatment, so we carried out a subgroup analysis to assess 

the efficacy of tivantinib for NSCLC treatment. Compared 
with control arms, tivantinib did well in prolonging the 

PFS of NSCLC patients (HR, 0.75; 95% CI, 0.65–0.86; 
Figure 3A). However, OS improvement was not significant 
(HR, 0.95; 95% CI, 0.83–1.08; Figure 3B).

We also analyzed the pooled OS according to 

MET gene status. According to the included trials, 

the status of c-MET expression was assessed by 

immunohistochemistry. When the ≥ 50% of tumor cells 
showed moderate or strong staining intensity were graded 

as “c-Met high”, and all remaining samples were graded as 

“c-Met low”. By our results, tivantinib could significantly 
prolong OS in patients with high levels of MET expression 

(HR, 0.68; 95% CI, 0.48–0.95; Figure 4A); in low MET 
expression patients, there were no differences between 

tivantinib and control arms (HR, 0.92; 95% CI, 0.71–1.19; 
Figure 4B).

Almost all participants in the four trials were white, 

so the subgroup analysis was done to assess tivantinib’s 

efficacy in the white population. According to our results, 
tivantinib could significantly improve white cancer 
patients’ PFS (HR, 0.75; 95% CI, 0.65–0.87) but not OS 
(HR, 0.93; 95% CI, 0.82–1.07; Figure 5).
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In four of the six trials, tivantinib was combined 

with erlotinib or cetuximab+irinotecan (CETIRI). We 
evaluated the effects of tivantinib addition to other anti-

tumor agents and compared this with placebo and erlotinib 

or CETIRI arms. Tivantinib in combination with erlotinib 
or CETIRI was shown to significantly improve PFS of 
cancer patients (HR, 0.75; 95% CI, 0.66–0.86), especially 
in groups combined with erlotinib (HR, 0.75; 95% CI, 
0.65–0.86); there were no differences between tivantinib 
in combination with CETIRI or placebo in combination 
with CETIRI (HR, 0.85; 95% CI, 0.55–1.32; Figure 6A). 
Tivantinib in combination with either erlotinib or CETIRI 
failed to improve cancer patients’ OS (Figure 6B).

Safety

To evaluate the safety of tivantinib, we analyzed 

the pooled AE data with a severity of ≥ Grade 3. The 
dose of tivantinib was reported as 360 mg twice daily 
(BID) in all six trials. According to our analysis, the most 

common AEs were anemia, nausea, neutropenia, and rash. 

Tivantinib could increase risk of anemia (RR, 2.15; 95% 
CI, 1.10–4.18) and neutropenia (RR, 5.31; 95% CI, 1.00–
28.25). Although tivantinib had a tendency to increase or 
decrease the risk of other AEs, there were no significant 
differences between tivantinib and control arms. (Table 2).

Publication bias analysis

A funnel plot and Egger’s regression asymmetry test 

were used to access the publication bias of the literature 

studies. Our results showed no evidence of publications 

bias (PFS: t = −1.85, P = 0.137; OS: t = 1.39, P = 0.26; 
Supplementary Figures 1 and 2).

DISCUSSION

In the last few years, tivantinib has been designed to 

treat tumors by targeting the MET. Although tivantinib has 

not been used in actual clinical settings, numerous clinical 

trials are ongoing. Results from some trials indicate that it 
has produced good clinical outcomes. To our knowledge, 

this is the first systematic review and meta-analysis that 
has been done to evaluate the efficacy and safety of 
tivantinib in solid tumor treatment. In our study, a total 

of 1824 patients from six trials were included, and the 
main tumor types in our study were NSCLC (three trials), 

hepatocellular carcinoma (one trial), colorectal cancer 

(one trial) and prostate cancer (one trial). Lung cancer 

was the most common malignant type, often leading to 

a patient’s death. After ALK and EGFR, MET appears 
to be a potential oncogenic driver in NSCLC [18]. The 
most recent studies have indicated that the MET mutation 

Figure 1: Flow diagram of the literature search and trial selection process.
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was not only related to NSCLC but also contributed to 

the occurrence of pulmonary sarcomatoid carcinomas and 

lung adenocarcinomas [19, 20]. Tivantinib appears to be 
suitable for hepatocellular carcinoma treatment, and many 

clinical trials are investigating the use of this drug for 

treating this type of cancer [21]. So far, sorafenib was the 

only agent approved by the Food and Drug Administration 

(FDA) for the treatment of hepatocellular carcinoma, 

however tivantinib has shown a better effect in advanced 

hepatocellular carcinoma patients who have failed or are 

intolerant to sorafenib [22]. The mechanisms of tivantinib 

against hepatocellular carcinoma may be related to cell 

cycle G2/M phase arrest and consequent apoptosis [23]. 

The role of tivantinib appears to not only be limited to 

solid tumors as it has also been used to treat multiple 

myeloma [24].

According to our results, tivantinib could 

significantly prolong PFS, but not OS, in the overall cancer 
patient population. In the lung and white race subgroups, 

tivantinib also produced a significant improvement in PFS. 

However, in the high MET expression subgroup, tivantinib 

produced a significant improvement in OS (HR, 0.68; 95% 
CI, 0.48–0.95). As reported in one article, when compared 
with control arms, tivantinib could significant prolong 
OS in the high MET expression groups (HR, 0.38; 95% 
CI, 0.18–0.81), however, that in MET low expression 
groups were (HR, 1.33; 95% CI, 0.58–3.04) [15]. MET 
was overexpressed in many solid tumors. Tivantinib is a 

non-adenosine triphosphate-competitive agent that targets 

MET with high selectivity. It can change the structure of 

MET, and then block its kinase activity. Recent studies 
have indicated that the antitumor activity of tivantinib may 

not be soley due to MET inhibition [25]. However, cancer 

patients with high levels of MET expression or MET 

mutations appear to benefit from tivantinib.
Development of drug resistance is a very common 

problem in chemotherapy. It was also an inevitable 

problem in the first-line treatment of EGFR-mutated 
NSCLC when using EGFT-TKI inhibitors (erlotinib, 

gefitinib) [26]. When detected by immunohistochemistry, 

Table 1: Characteristics of the included randomized controlled trials

Study Year Phase Histology Cases
Median age 

(Range),y

Female 

NO. (%)

Ethnicity, 

No. (%)

Met-high 

No. (%)
Control Treatment

Scagliotti 2015 III NSCLC 1048 61.5 (24-89) 429 (40.9) White 876 (83.6)
211 (20.1)

Placebo plus 

Erlotinib 
Tivantinib plus Erlotinib  

Sequist 2011 II NSCLC 167 63 (23-89) 67 (40.1) White 158 (94.6)
37 (22.2)

Placebo plus 

Erlotinib 
Tivantinib plus Erlotinib  

Yoshioka 2015 III NSCLC 307 63 (27-84) 96 (31.3) Asian (100) 160 (52.1) Placebo plus 

Erlotinib 
Tivantinib plus Erlotinib  

Eng 2016 I/II Colorectal Cancer 117 57 (27-79) 59 (50) Caucasian 111(95) 44 (38) Placebo plus 

CETIRI Tivantinib plus CETIRI 

Santoro 2013 II HC 107 69 (27-85) 21 (19.6) White 96 (89.7) 37 (34.6) Placebo Tivantinib

Monk 2015 II Prostate Cancer 78 67 (43-85) 0 (0) NR NR Placebo Tivantinib

NSCLC: Non-small-cell-lung-cancer. HC: Hepatocellular carcinoma. CETIRI: Cetuximab+Irinotecan. NR: Not reported.

Table 2: Relative risks with 95% confidence intervals for common adverse events (Grade ≥ 3)
Adverse event No.of Trials Subjects RR [95% CI] P I2 P

b

Anaemia 5 828/818 2.15 [1.10, 4.18] 0.02 33% 0.2

Anorexia 2 208/206 1.27 [0.35, 4.61] 0.72 0% 0.36
Decreased appetite 3 620/612 0.99 [0.51, 1.92] 0.97 0% 1

Dehydration 2 146/142 1.68 [0.45, 6.29] 0.44 0% 0.45

Diarrhoea 3 704/695 0.87 [0.52, 1.44] 0.59 0% 0.57

Dyspnea 2 604/600 0.91 [0.43,1.92] 0.8 57% 0.13

Fatigue 3 246/242 1.18 [0.46,3.00] 0.73 0% 0.6
Leukopenia 3 224/218 6.52 [0.88,48.50] 0.07 39% 0.19
Lymphopenia 2 208/206 2.45 [0.76,7.82] 0.13 0% 0.48
Nausea 4 704/695 0.73 [0.30,1.73] 0.47 16% 0.31

neutropenia 4 308/301 5.31 [1.00,28.25] 0.05 69% 0.02

Rash 4 790/782 0.75 [0.46,1.20] 0.23 0% 0.47

Vomiting 3 704/695 1.05 [0.44,2.49] 0.92 0% 0.61
Pb: P-value of Q-test for heterogeneity test.
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MET protein overexpression was found to be as high as 

77% in NSCLC samples with non-squamous histology 

and as high as 57% in NSCLC samples with squamous 

cell histology [27]. Aberrant MET activation was thought 

to be one of the reasons for induction of drug resistance 

in NSCLC models [28]. In the NSCLC subgroup, three 
articles were included, and in all three of these articles, 

the treatment arms included tivantinib and erlotinib and 

control arms included erlotinib and placebo. According to 

our results, tivantinib in combination with erlotinib could 

significantly improve PFS. Tivantinib in combination 
with TKI inhibitors may provide a new strategy for the 

treatment of EGFR-mutated NSCLC and to some extent, 
may overcome NSCLC resistance to TKI inhibitors.

Tivantinib is metabolized mainly by cytochrome 

P450 2C19 (CYP2C19). CYP2C19 levels are very 
low in Caucasian populations, and about 20% of Asian 

populations are poor CYP2C19 metabolizers [29]. Thus, 
race and CYP2C19 status may be important factors that 
affect tivantinib’s efficacy and safety. These factors should 
be considered when choosing tivantinib as a treatment 

option. According to our results, in the four studies, about 

1241 of 1439 patients were white populations. Thus, we 
did a subgroup analysis to evaluate tivantinib’s efficacy 
in the treatment of Caucasian populations, and tivantinib 

was effective in prolonging PFS in Caucasian populations.

As mentioned above, tivantinib metabolism appears 

to depend significantly on CYP2C19. To ensure medication 
safety, it has been recommended to give the proper dose 

of tivantinib according to CYP2C19 status. Yamamoto et 
al. suggested that the dose of tivantinib in combination 

with erlotinib should be based on CYP2C19 genotype, 
and in CYP2C19 extensive metabolizers, it should be 360 
mg BID; in CYP2C19 poor metabolizers, 240 mg BID 
would be acceptable [30]. Based on this, the first phase III 
study was carried out. In this study, CYP2C19 extensive 
metabolizers received a higher dose of 360mg BID, while 
CYP2C19 poor metabolizers received a lower dose of 
240 mg BID. However, the CYP2C19 poor metabolizers 
received a trend of longer PFS and OS [13]. This 

suggested that lower dose of tivantinib in CYP2C19 poor 
metabolizers was sufficient. Okusaka et al. reported that 
in the treatment of hepatocellular carcinoma in Japanese 

patients, 120 mg BID of tivantinib has been recommended 

regardless of CYP2C19 phenotype [31]. It has already 

been confirmed in phase I trials that tivantinib (360 mg 
BID) is well tolerated in patients with solid tumors [32]. In 

our study, the dose of tivantinib was 360 mg BID in all six 
trials, and only one trial also included a 240 mg BID arm.

In this meta-analysis, we also assessed tivantinib’s 

safety. As reported in Scagliotti’s trial, 46% of the 614 
deaths were due to disease progression and 14.8% of the 

Figure 2: Forest plots of the pooled HRs for PFS and OS by overall population. (A) PFS, (B) OS.
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Figure 3: Forest plots of the pooled HRs for PFS and OS by NSCLC subgroup. (A) PFS, (B) OS.

Figure 4: Forest plots of the pooled HRs for OS by MET status subgroup. (A) MET high subgroup, (B) MET low subgroup.
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Figure 5: Forest plots of the pooled HRs for PFS and OS by white population subgroup. (A) PFS, (B) OS.

Figure 6: Forest plots of the pooled HRs for PFS and OS by tivantinib combined with erlotinib or Cetuximab+Irinotecan 

(CETRI) subgroup. (A) PFS, (B) OS.
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142 treatment-related deaths were found in the tivantinib 

group [10]. Yoshioka et al. reported that tivantinib 

demonstrated a risk for serious interstitial lung disease 

and could induce death [13]. Edison et al reported that 

tivantinib exposure was related to ≥ grade 3 neutropenia 
[33]. Therefore, we should be careful about tivantinib’s 

toxicity. According to our results, tivantinib treatment-

related AEs that were ≥ grade 3 included anemia and 
neutropenia. This was partially consistent with previous 

studies. 

We acknowledge that our meta-analysis had some 

limitations. First, as most of the included trials provided 

PFS and OS data, some important information such as 

objective response rate (ORR), progressive disease (PD), 
and disease control rate (DCR) were missing. Second, the 
sample size included in the six trials was small. Third, 

one of the included trials was ongoing, so that the data 

from this trial was not sufficient to do a proper analysis.
In summary, tivantinib did better in prolonging 

cancer patients’ PFS (but not OS) than some of the other 

drugs. Tivantinib could also significantly improve the OS 
in cancer patients with high levels of MET expression. A 

dose of 360 mg BID appears to be well tolerated.

MATERIALS AND METHODS

Study selection

To identify potential articles, we carried out 

comprehensive literature searches using PUBMED and 

EMBASE up to February 2017. Search terms included 

tivantinib or ARQ197 combined with cancer, tumor, or 
carcinoma. The language of publication was not limited. 

We also retrieved scientific meetings, unpublished trials 
in the clinical trial registry (http://www.clinicaltrials.gov), 

and relevant reviews in order to ensure the completeness 

and quality of the results. The included studies had to 

be randomized controlled trials (RCTs) and must have 
contained at least one clinical outcome such as PFS, 

overall survival (OS), and/or AEs. Case reports and single-

arm and Phase I trials were excluded. In order to exclude 

irrelevant and overlapping studies, two investigators 

independently reviewed the articles.

Data extraction

The following information was collected from all 

of the included RCTs: 1.) first author’s surname; 2.) year 
of publication; 3.) number of participants; 4.) histology; 

5.) trial phase; 6.) treatment arm; 7.) median age; 8.) the 
percentage of females; 9.) ethnicity; and 10.) the level of 
MET expression. The hazard ratio (HR) of the median 
OS and median PFS with 95% confidence intervals 
(CIs) were extracted to evaluate tivantinib's effects. The 

incidence of AEs was also retrieved in order to calculate 

tivantinib's safety.

Statistical analysis

For each study, HR and 95% CI were used to assess 
OS and PFS between the tivantinib and control groups. We 

also extracted patients with AEs and total participant data 

from all studies and pooled them to calculate risk ratios 

(RRs) with 95% CI. All the data were managed by Review 
Manager (version 5.1, The Cochrane Collaboration, 

Oxford, UK) and Stata version12 (StataCorp, College 

Station, Texas), and a two-tailed p value < 0.05 was judged 

as statistically significant. The degree of heterogeneity 
and literature publication bias were measured according 

to methods as shown in Bao’s article [34].

Author contributions

Hao Zhang and Songmin Ying designed the study. 

Zhengqiang Bao and Hongwei Liao extracted the data 

independently and wrote the full text together. Hao Zhang, 

Zhengqiang Bao and Hongwei Liao analyzed the data 

together. Songmin Ying, Huahao Shen, Wen Li and Zhihua 

Chen contributed to various revisions of the article.

ACKNOWLEDGMENTS

This work was funded by Zhejiang Provincial 

Natural Science Foundation of China (LR14H160001), 
Zhejiang Provincal Program for the Cultivation of High-

Level Innovative Health Talents (2016-63), Ministry of 
Science and Technology of the People´s Republic of China 
(2016YFA0100301), National Natural Science Foundation 
of China (81422031).

CONFLICTS OF INTEREST 

All authors declared no conflicts of interest.

REFERENCES

 1. Gholamin S, Fiuji H, Maftouh M, Mirhafez R, Shandiz FH, 
Avan A. Targeting c-MET/HGF signaling pathway in upper 

gastrointestinal cancers: rationale and progress. Curr Drug 

Targets. 2014; 15:1302–1311. 

 2. Zhang J, Guo L, Liu X, Li W, Ying J. MET overexpression, 

gene amplification and relevant clinicopathological features 
in gastric adenocarcinoma. Oncotarget. 2017; 8:10264–
10273. https://doi.org/10.18632/oncotarget.14382.

 3. Di Renzo MF, Olivero M, Katsaros D, Crepaldi T, Gaglia P, 
Zola P, Sismondi P, Comoglio PM. Overexpression of the 

Met/HGF receptor in ovarian cancer. Int J Cancer. 1994; 
58:658–662.

 4. Song Z, Wang X, Zheng Y, Su H, Zhang Y. MET Gene 

Amplification and Overexpression in Chinese Non-Small-
Cell Lung Cancer Patients Without EGFR Mutations. Clin 
Lung Cancer. 2017; 18:213–219.e212.



Oncotarget113161www.impactjournals.com/oncotarget

 5. Lengyel E, Prechtel D, Resau JH, Gauger K, Welk A, 
Lindemann K, Salanti G, Richter T, Knudsen B, Vande 
Woude GF, Harbeck N. C-Met overexpression in node-

positive breast cancer identifies patients with poor clinical 
outcome independent of Her2/neu. Int J Cancer. 2005; 

113:678–682.
 6. Salgia R. MET in Lung Cancer: Biomarker Selection Based 

on Scientific Rationale. Mol Cancer Ther. 2017; 16:555–
565.

 7. Gardner FP, Serie DJ, Salomao DR, Wu KJ, Markovic SN, 
Pulido JS, Joseph RW. c-MET expression in primary and 
liver metastases in uveal melanoma. Melanoma Res. 2014; 
24:617–620.

 8. Padda S, Neal JW, Wakelee HA. MET inhibitors in 
combination with other therapies in non-small cell lung 

cancer. Transl Lung Cancer Res. 2012; 1:238–253.
 9. Munshi N, Jeay S, Li Y, Chen CR, France DS, Ashwell 

MA, Hill J, Moussa MM, Leggett DS, Li CJ. ARQ 197, a 
novel and selective inhibitor of the human c-Met receptor 

tyrosine kinase with antitumor activity. Mol Cancer Ther. 

2010; 9:1544–1553.
10. Agwa ES, Ma PC. Targeting the MET receptor tyrosine kinase 

in non-small cell lung cancer: emerging role of tivantinib. 

Cancer Manag Res. 2014; 6:397–404.
11. Scagliotti G, von Pawel J, Novello S, Ramlau R, Favaretto 

A, Barlesi F, Akerley W, Orlov S, Santoro A, Spigel 

D, Hirsh V, Shepherd FA, Sequist LV, et al. Phase III 

Multinational, Randomized, Double-Blind, Placebo-
Controlled Study of Tivantinib (ARQ 197) Plus Erlotinib 
Versus Erlotinib Alone in Previously Treated Patients With 

Locally Advanced or Metastatic Nonsquamous Non-Small-

Cell Lung Cancer. J Clin Oncol. 2015; 33:2667–2674.
12. Tolaney SM, Tan S, Guo H, Barry W, Van Allen E, Wagle 

N, Brock J, Larrabee K, Paweletz C, Ivanova E, Janne P, 

Overmoyer B, Wright JJ, et al. Phase II study of tivantinib 

(ARQ 197) in patients with metastatic triple-negative breast 
cancer. Invest New Drug. 2015; 33:1108–1114.

13. Yoshioka H, Azuma K, Yamamoto N, Takahashi T, Nishio 

M, Katakami N, Ahn MJ, Hirashima T, Maemondo M, Kim 

SW, Kurosaki M, Akinaga S, Park K, et al. A randomized, 

double-blind, placebo-controlled, phase III trial of erlotinib 

with or without a c-Met inhibitor tivantinib (ARQ 197) 
in Asian patients with previously treated stage IIIB/IV 

nonsquamous nonsmall-cell lung cancer harboring wild-

type epidermal growth factor receptor (ATTENTION 

study). Ann Oncol. 2015; 26:2066–2072.
14. Sequist LV, von Pawel J, Garmey EG, Akerley WL, Brugger 

W, Ferrari D, Chen Y, Costa DB, Gerber DE, Orlov S, 

Ramlau R, Arthur S, Gorbachevsky I, et al. Randomized 
phase II study of erlotinib plus tivantinib versus erlotinib 

plus placebo in previously treated non-small-cell lung 

cancer. J Clin Oncol. 2011; 29:3307–3315.
15. Santoro A, Rimassa L, Borbath I, Daniele B, Salvagni S, 

Van Laethem JL, Van Vlierberghe H, Trojan J, Kolligs 

FT, Weiss A, Miles S, Gasbarrini A, Lencioni M, et 

al. Tivantinib for second-line treatment of advanced 

hepatocellular carcinoma: a randomised, placebo-controlled 

phase 2 study. Lancet Oncol. 2013; 14:55–63.
16. Eng C, Bessudo A, Hart LL, Severtsev A, Gladkov O, 

Muller L, Kopp MV, Vladimirov V, Langdon R, Kotiv B, 
Barni S, Hsu C, Bolotin E, et al. A randomized, placebo-

controlled, phase 1/2 study of tivantinib (ARQ 197) in 
combination with irinotecan and cetuximab in patients with 

metastatic colorectal cancer with wild-type KRAS who 
have received first-line systemic therapy. Int J Cancer. 2016; 
139:177–186.

17. Monk P, Liu G, Stadler WM, Geyer SM, Sexton JL, Wright 

JJ, Villalona-Calero MA, Wade JL, Szmulewitz RZ, Gupta 
S. Phase II randomized, double-blind, placebo-controlled 

study of tivantinib in men with asymptomatic or minimally 

symptomatic metastatic castrate-resistant prostate cancer 

(mCRPC). American Society of Clinical Oncology. 2015.
18. Yu X, Xu Y, Fan Y. [Progress of c-MET Signaling Pathway 

and TKIs in Non-small Cell Lung Cancer]. [Article in 

Chinese]. Zhongguo fei ai za zhi. 2017; 20:287–292.
19. Saffroy R, Fallet V, Girard N, Mazieres J, Moro Sibilot 

D, Lantuejoul S, Rouquette I, Thivolet-Bejui F, Vieira T, 
Antoine M, Cadranel J, Lemoine A, Wislez M. MET exon 14 

mutations as targets in routine molecular analysis of primary 

sarcomatoid carcinoma of the lung. Oncotarget. 2017; 

8:42428–42437. https://doi.org/10.18632/oncotarget.16403.
20. Lu X, Peled N, Greer J, Wu W, Choi P, Berger AH, Wong S, 

Jen KY, Seo Y, Hann B, Brooks A, Meyerson M, Collisson 

EA. MET exon 14 mutation encodes an actionable therapeutic 

target in lung adenocarcinoma. Cancer Res. 2017; 77:4498–
4505.

21. Qi XS, Guo XZ, Han GH, Li HY, Chen J. MET inhibitors 

for treatment of advanced hepatocellular carcinoma: A 

review. World J Gastroent. 2015; 21:5445–5453.

22. Pievsky D, Pyrsopoulos N. Profile of tivantinib and its 
potential in the treatment of hepatocellular carcinoma: the 

evidence to date. J Hepatocell Carcinoma. 2016; 3:69–76.
23. Xiang Q, Zhen Z, Deng DY, Wang J, Chen Y, Li J, Zhang Y, 

Wang F, Chen N, Chen H, Chen Y. Tivantinib induces G2/M 

arrest and apoptosis by disrupting tubulin polymerization 

in hepatocellular carcinoma. J Exp Clin Canc Res. 2015; 
34:118.

24. Baljevic M, Zaman S, Baladandayuthapani V, Lin YH, de 

Partovi CM, Berkova Z, Amini B, Thomas SK, Shah JJ, 

Weber DM, Fu M, Cleeland CS, Wang XS, et al. Phase 

II study of the c-MET inhibitor tivantinib (ARQ 197) in 
patients with relapsed or relapsed/refractory multiple 

myeloma. Ann Hematol. 2017; 96:977–985.
25. Katayama R, Aoyama A, Yamori T, Qi J, Oh-hara T, Song 

Y, Engelman JA, Fujita N. Cytotoxic activity of tivantinib 

(ARQ 197) is not due solely to c-MET inhibition. Cancer 
Res. 2013; 73:3087–3096.

26. Pi C, Zhang YC, Xu CR, Zhou Q. [Precision treatment after 
resistance to first-generation EGFR-TKI in patients with 



Oncotarget113162www.impactjournals.com/oncotarget

non-small cell lung cancer]. [Article in Chinese]. Zhonghua 

zhong liu za zhi. 2017; 39:94–97.
27. Scagliotti GV, Novello S, von Pawel J. The emerging role of 

MET/HGF inhibitors in oncology. Cancer Treat Rev. 2013; 
39:793–801.

28. Friese-Hamim M, Bladt F, Locatelli G, Stammberger U, 
Blaukat A. The selective c-Met inhibitor tepotinib can 

overcome epidermal growth factor receptor inhibitor 

resistance mediated by aberrant c-Met activation in NSCLC 

models. Am J Cancer Res. 2017; 7:962–972.
29. Gozdzik-Spychalska J, Szyszka-Barth K, Spychalski L, 

Ramlau K, Wojtowicz J, Batura-Gabryel H, Ramlau R. 
C-MET inhibitors in the treatment of lung cancer. Curr 

Treat Option On. 2014; 15:670–682.
30. Yamamoto N, Murakami H, Hayashi H, Fujisaka Y, 

Hirashima T, Takeda K, Satouchi M, Miyoshi K, Akinaga S, 

Takahashi T, Nakagawa K. CYP2C19 genotype-based phase 
I studies of a c-Met inhibitor tivantinib in combination with 

erlotinib, in advanced/metastatic non-small cell lung cancer. 

Brit J Cancer. 2013; 109:2803–2809.
31. Okusaka T, Aramaki T, Inaba Y, Nakamura S, Morimoto M, 

Moriguchi M, Sato T, Ikawa Y, Ikeda M, Furuse J. Phase 

I study of tivantinib in Japanese patients with advanced 

hepatocellular carcinoma: Distinctive pharmacokinetic 

profiles from other solid tumors. Cancer Sci. 2015; 
106:611–617.

32. Rosen LS, Senzer N, Mekhail T, Ganapathi R, Chai F, 
Savage RE, Waghorne C, Abbadessa G, Schwartz B, 
Dreicer R. A phase I dose-escalation study of Tivantinib 
(ARQ 197) in adult patients with metastatic solid tumors. 
Clin Cancer Res. 2011; 17:7754–7764.

33. Zahir H, Kastrissios H, Carothers T, Jansen M, Savage 

R, Abbadessa G, Chai F, Schwartz B, Miller R, Tokui 
T. Exposure-response relationship to assess the risk of 

neutropenia in patients with hepatocellular carcinoma 

(HCC) treated with tivantinib. Ann Oncol. 2012; 244–245.

34. Bao Z, Cao C, Geng X, Tian B, Wu Y, Zhang C, Chen Z, 

Li W, Shen H, Ying S. Effectiveness and safety of poly 

(ADP-ribose) polymerase inhibitors in cancer therapy: A 

systematic review and meta-analysis. Oncotarget. 2016; 
7:7629–7639. https://doi.org/10.18632/oncotarget.5367.


