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Introduction

A successful concept in current oncology is the use 
of selective receptor tyrosine kinase (RTK) inhibi-
tors, which target kinases that are activated by muta-
tion or amplification, leading to oncogene addiction 
(Schlessinger, 2000; Blume-Jensen & Hunter, 2001). This 
strategy has been successfully used in the cases of ima-
tinib, which is used to inhibit the oncoprotein BCR-ABL 
in chronic myelogenous leukemia (O′Brien et al., 2003) 
and c-Kit in gastrointestinal stromal tumors (Verweij 
et  al., 2004), trastuzumab, which targets Her2 in breast 
cancer (Slamon et al., 2001), erlotinib, which selectively 
represses of epidermal growth factor receptor (EGFR) 
in nonsmall cell lung cancer (NSCLC) (Shepherd et al., 
2005), and recently, crizotinib an ALK inhibitor effective 

for treatment of NSCLC carrying the EML4-ALK translo-
cation (Kwak et al., 2010).

The MET oncogene was discovered in an osteosarcoma 
cell line due to a promoter translocation (TPR-MET) that 
causes overexpression of the kinase and transforma-
tion of the cells (Cooper et  al., 1984; Dean et  al., 1985; 
Peschard & Park, 2007). Similar translocations were also 
found in gastric cancer, and MET was identified as RTK 
(Furge et al., 2000; Yu et al., 2000) and hepatocyte growth 
factor (HGF) was identified as the natural ligand for MET 
(Bottaro et al., 1991).

The MET kinase induces proliferation, survival, migra-
tion, angiogenesis, and morphogenesis (Christensen 
et al., 2005). HGF and MET are widely expressed in early 
development and are essential for normal mammalian 
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embryogenesis but are only expressed at low levels for 
tissue repair processes in the adult (Bottaro et al., 1991; 
Birchmeier et  al., 2003). MET is expressed in epithelial 
and endothelial cells, whereas HGF originates from 
stromal cells such as fibroblasts (Di Renzo et al., 1991). 
Dysregulation of MET and HGF signaling can lead to 
tumorigenesis and metastasis (Liu et al., 2010). Such dys-
regulation can be induced by a variety of aberrations in 
addition to the originally discovered TPR-MET transloca-
tion, including activating mutations in hereditary papil-
lary renal cell carcinoma (Schmidt et al., 1997), genomic 
amplification in gastric cancer and NSCLC, and co-over-
expression of MET and its ligand HGF in gliomas, osteo-
sarcomas, and breast and prostate cancer as reviewed 
(Comoglio et  al., 2008). The clinical relevance of MET 
is underlined by its prognostic value (Ghoussoub et al., 
1998). Therefore, MET and its ligand HGF are interesting 
targets for cancer therapy. MET activation by genomic 
amplification is a known mechanism of oncogenic addic-
tion, especially in gastric cancer (Soman et al., 1991) and 
can also lead to resistance to EGFR inhibitors in NSCLC 
(Engelman et al., 2007). We used the gastric cancer cell 
line HS746T (MET amplification), the autocrine HGF 
secreting glioblastoma line U87MG, and the NSCLC line 
NCI-H1993 (MET amplification) in xenograft models to 
confirm the activity of a novel highly specific MET inhibi-
tor, BAY-853474, and to test candidate biomarkers for 
response monitoring. Because only around 10% of gas-
tric cancers (Houldsworth et al., 1990) and 20% of EGFR 
inhibitor refractory NSCLC cases (Hammerman et  al., 
2009) show MET amplification, predictive biomarkers 
are important for the selection of patients who may ben-
efit from new targeted therapeutics. To evaluate genomic 
amplification and the expression level or phosphoryla-
tion status of MET, tumor samples are required. Although 
fresh biopsies are sometimes difficult to obtain, historical 
samples can often be used for patient selection.

The reason to identify pharmacodynamic biomarkers 
is to support the determination of the therapeutic dose. 
Usually, cancer drugs are dosed at the maximum tolerated 
dose (MTD) in order to show maximum efficacy, but since 
BAY-853474 was very well tolerated in preclinical models, 
it may not be possible to define an MTD in future clinical 
studies. In that case, pharmacodynamic biomarkers will 
be used to define the therapeutic dose. In this study, we 
sought to identify suitable plasma biomarkers to assess 
the tumor response to MET inhibition by BAY-853474 in 
gastric cancer, NSCLC, and glioblastoma xenografts in 
order to avoid the need for mandatory paired biopsies.

BAY-853474 is a novel, highly selective ATP-competitive 
MET inhibitor that is orally available and very well tolerated. 
It inhibits the kinase activity of the activated receptor with an 
IC

50
 of 3 nM in cell culture and blocks cell proliferation with 

an IC
50

 of 20 nM, impairing tumor growth in xenografts. In 
this study, we could demonstrate that MET inhibition leads 
to reduction of HGF, vascular endothelial growth factor 
(VEGF), interleukin-8 (IL-8), and MET ectodomain plasma 
levels in models for NSCLC, gastric cancer, and glioblastoma. 

We show that inhibition of MET by BAY-853474 leads to dra-
matic tumor shrinkage, which correlates with the biochemi-
cal results that show reduced phosphorylation of MET, while 
no adverse events were observed in the treated mice.

Tumor shrinkage was accompanied by decrease of 
pathway-related plasma biomarkers like HGF, VEGF, 
IL-8, and the MET ectodomain.

Since background values of the biomarker candidates 
in clinical samples are not generally elevated in cancer 
patients, we recommend to complement the studies with 
testing changes in MET phosphorylation as pharmaco-
dynamic marker in all patients where biopsies can be 
obtained. For this purpose, we established an IHC assay 
specific for the phosphorylation of an intracellular adap-
tor protein docking site to test for MET signaling activity.

Materials and methods

Human cancer samples
Tumor samples as well as plasma samples from gastric, 
colorectal, breast, lung, and prostate cancer patients 
were purchased from Indivumed (Hamburg, Germany). 
A large collection of healthy volunteer plasma samples 
was obtained from the Blutbank des Bayerischen Roten 
Kreuzes (Munich, Germany). In order to match the age 
of cancer patients, only donors between the age of 55 and 
75 years were included in this collection.

Drug
BAY-853474 is a novel, highly selective, ATP-competitive 
MET inhibitor. The lead structure was identified by high-
throughput screening of the Bayer Healthcare chemical 
library with the recombinant kinase domain. Chemical 
optimization of the lead structure resulted in BAY-853474 
with potencies of 1 nM in the biochemical kinase assay, 
3 nM in a cellular kinase assay, and 24 nM in a prolifera-
tion assay performed with HS746T gastric cancer cells, 
3 nM toward NCI-H1993 cells, and 100 nM in U87MG 
proliferation. The compound is highly selective, and 
among the 200 other kinases tested in the commercially 
available Millipore Kinase Panel, only Rsk2 was signifi-
cantly inhibited, with an IC

50
 value of 906 nM.

Cell culture
Hs746T human gastric cancer cells were grown in 
Dulbecco’s modified eagle medium (DMEM) supple-
mented with 2 mM glutamine and 10% fetal calf serum 
(FCS) at 37°C with 5% CO

2
 in a humidified incubator. 

U87MG glioblastoma cells were grown in DMEM sup-
plemented with 2 mM glutamine, 0.1 mM nonessential 
amino acids, and 10% FCS. NCI-H1993 cells were grown 
in RPMI1640 supplemented with 2 mM glutamine and 
10% FCS. Cells were harvested by stable trypsin-like 
enzyme (TrypLE™ Express), resuspended in phosphate-
buffered saline (PBS) /matrigel and incubated on ice until 
inoculation into mice. For mechanistic studies, cultured 
cells were treated with BAY-853474 in DMSO or DMSO 
control for 2 h before harvesting cells in MSD lysis buffer 
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(MesoScale Discovery, Gaithersburg, MD). Total DMSO 
concentrations were kept at 0.5%.

Mouse xenograft models
Female nude (nu/nu) mice that were 8-weeks old were 
purchased from Charles River Laboratories (Sulzfeld, 
Germany). The animals were kept under standardized 
environmental conditions (20°C ± 1°C room tempera-
ture, 50% ± 10% relative humidity, 12-h light–dark cycle), 
received autoclaved food and water ad libitum.

The mice were inoculated subcutaneously with 1 × 106 
cells in PBS/matrigel into the left flank under anesthesia. 
Animals were monitored daily for tumor area and body 
weight. Animal experiments have been approved by the 
LAGESO, Berlin, Germany

Treatment with BAY-853474, blood sampling, and 
necropsy
Tumor-bearing mice were treated for 5 days twice daily 
with the MET inhibitor BAY-853474 in vehicle (40% 
PEG400, 35% cremophor, and 25% imwitor) or control 
vehicle per os, when the tumors had reached a size of 
approximately 100 mm2, starting 10–15 days after tumor 
inoculation depending on the respective cell line. Various 
treatment doses were used in this study: vehicle control 
or 0.1, 0.3, 1, 3, or 10 mg/kg of the MET inhibitor BAY-
853474 for the HS746T gastric cancer model (n = 5 mice 
per group) and vehicle, 0.3, 1, 3, 9, and 27 mg/kg for the 
U87MG glioblastoma model.

The mice were anesthetized and blood was withdrawn 
from the inferior vena cava, then the animal was sacri-
ficed, and the tumor resected and immediately frozen in 
liquid nitrogen.

Enzyme-linked immunosorbent assay analysis
Tumor samples were lysed in a 10-fold excess of MSD 
lysis buffer (MesoScale Discovery) using a tissue lyser 
(Qiagen, Hilden, Germany). After the protein concen-
tration was determined, small aliquots were frozen and 
stored at −80°C for later analysis. MET phosphorylation 
was analyzed by using 20-μg tumor lysate.

Phosphoprotein analysis on the MSD platform was 
done using the commercially available assays accord-
ing to the manual of the commercially available assay 
for MET phosphotyrosine 1349 (MesoScale Discovery). 
The analysis of different phosphoepitopes was done by 
replacing the antiphosphotyrosine 1349 antibody by anti-
bodies directed against the respective epitopes pY1003, 
pY1230/34/45, and pY1365. The detection antibodies were 
then detected via antimouse-Sulfo-TA (MSD R32AC-1).

For determination of MET-ectodomain in mouse 
plasma an enzyme-linked immunosorbent assay (ELISA) 
assay from R&D Systems was used according to the 
instructions (R&D Systems, Minneapolis, MN).

IL-8, HGF, and VEGF were measured using assays 
from MSD (MesoScale Discovery).

A MET-ectodomain assay for use in human plasma 
was developed on the MSD platform. The plates 

(multiarray 96-well streptavidin-coated plates stan-
dard, L11SA-1; Mesoscale Discovery) were blocked 
overnight with 5% blocking solution (MSD #R93BA-4). 
After washing with MSD wash buffer (MSD #R61TX-2), 
the plates were incubated with biotinylated capture 
antibody (20 nM BAF358 from R&D Systems) for 1 h at 
room temperature. The plates were washed four times 
with MSD wash buffer. The plasma samples (dilution 
1:30) were allowed to bind for 5 h at 4°C, washed again, 
and incubated with 25 μL of a mouse antihuman MET 
antibody (0.5 nM, Mab358 from R&D Systems labeled 
with Sulfo-TAG NHS ester (MSD #R91AN-1) overnight 
at 4°C. After washing, signals were read using a MSD 
Sector 6000 plate reader.

Immunohistochemistry
Tissues had been routinely fixed in 10% buffered for-
malin and embedded in paraffin by standard methods. 
Paraffin sections, 3-μm thick, were cut, mounted on 
Superfrost Plus microscope slides (Menzel Superfrost 
#AA00008032E), and dried at 40°C overnight before use. 
The sections were deparaffinized in xylene and rehy-
drated in ethanol series, followed by cooking for 17 min 
in Target Retrieval Solution, pH 9 (Dako S2367) in a steam 
cooking device for antigen retrieval and permeabilization 
in 0.1% Triton X-100 solution. Endogenous peroxidase 
activity was blocked using peroxidase-blocking solution 
(Dako S2023). For phospho-Met staining, we used the 
anti-MET phosphotyrosine 1349 antibody (Epitomics 
2319-1) 1:3000 dilution in antibody diluent (Dako S2022), 
incubated at room temperature for 150 min. Slides were 
washed three times in PBS and then developed using 
the Dako EnVision + System-HRP (DAB) (Dako K4011) 
for use with rabbit primary antibodies according to the 
manual. Nuclei were stained with Mayer hematoxylin 
(Dako S3309) in 1:5 dilution.

Results

Plasma biomarker levels correlate with tumor size
To monitor the treatment response and the mechanism of 
action of new drugs in clinical studies, specific biomark-
ers are required. In this study, we evaluated several can-
didate plasma biomarkers for their ability to measure the 
response to MET inhibition and compared their response 
with that of a mechanistic biomarker, MET autophospho-
rylation. First, we tested whether the candidates can be 
detected in the plasma of mice with xenografts of differ-
ent origin. The candidates tested are angiogenic factors 
expressed under control of MET like VEGF and IL-8, and 
the extracellular domain of MET, which can be shed by 
external protease activity. Figure 1 shows the increase of 
soluble MET ectodomain in plasma samples correlating 
with the increase in tumor size in all three tumor models 
tested. Similarly, IL-8 is secreted by HS746T and H1993 
xenografts, though not by U87MG. We also tested VEGF, 
but the levels were below the limit of quantification (data 
not shown) for U87MG and HS746T xenografts. Only 
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H1993 xenografts secrete VEGF according to the tumor 
volume. Specifically, in U87MG, the plasma HGF levels 
increased with the growth of this autocrine HGF-secreting 
glioblastoma model. Interestingly, the relative amounts 
compared with the total tumor content were not very high. 
Only approximately, 1% of the total tumor HGF (based on 
measurement from tumor lysate) and only 0.01% of the 
total MET was found in the plasma (data not shown).

Plasma biomarker levels reflect tumor response to 
treatment with BAY-853474
Figure 2 shows the response of the biomarkers to MET 
inhibition by BAY-853474. Blocking the activity of the 

MET kinase for 5 days strongly inhibited tumor growth in 
all three models as shown by the resulting tumor weight. 
The reduced tumor weight is reflected by the plasma lev-
els of MET-ectodomain in all three models, IL-8 in case of 
HS746T and H1993, VEGF levels in H1993 and U87MG, 
and HGF in U87MG. VEGF was again below detection 
limit in the HS746T model.

Plasma biomarker levels reflect the dose-dependent 
response to treatment with BAY-853474
Figure 3 shows the response to MET inhibition by BAY-
853474 in HS746T gastric cancer xenografts. Compared 
with H1993 and U87MG, this model is even more sensitive 

Figure 1.  The increase of plasma biomarkers correlates with the increase in tumor size in all three tumor models tested. In HS746T 
xenografts, (A) MET ectodomain and interleukin-8 (IL-8) levels correlate with tumor burden, and vascular endothelial growth factor 
(VEGF) was below the limit of detection. In the U87MG model, (B) MET ectodomain and hepatocyte growth factor levels reflect the tumor 
size, and VEGF was below the limit of detection. Only H1993 xenografts (C) secrete MET ectodomain, IL-8, and VEGF according to the 
tumor volume.
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to MET inhibition by BAY-853474, the minimal effective 
dose in this model is only 1 mg/kg. A strong antitumor effect 
is already obtained at only 50% inhibition of MET activity 
measured by phosphorylation of the phosphotyrosine 1349, 
which is the adaptor protein docking site. Again, the plasma 
levels of MET ectodomain and IL-8 match the tumor weight 
after 5 days of treatment. HGF and VEGF levels were again 
below the limit of quantification (data not shown).

Plasma biomarker levels in cancer patients compared 
with healthy volunteers
After validation of the biomarker candidates in preclini-
cal models, we tested whether they show increased levels 

in cancer patients compared with healthy controls so 
that it would be realistic to expect a decrease in patients 
responding to treatment.

Figure 4A shows the levels of HGF, VEGF, IL-8, and 
the MET ectodomain in 80 patients from each of the 
indications gastric, colorectal, lung, breast, and prostate 
cancer compared with the levels found in a set of healthy 
volunteers.

For IL-8, there is a generally increased concentration 
in the plasma of patients that would make it possible to 
expect a decrease under therapy. However, it is not clear 
whether these increased IL-8 levels are secreted by tumor 
cells or whether they reflect an inflammatory response. 

Figure 2.  Plasma biomarkers respond to MET inhibition by BAY-853474. Xenografted mice were treated for 5 days with 25 mg/kg BAY-
853474. At the end of the experiment, blood samples were taken, and the tumors were excised and weighed. Treatment inhibited tumor 
growth in all three models as shown by the resulting tumor weight. Successful treatment is reflected by the plasma levels of MET-ectodomain 
in all models, interleukin-8 (IL-8) in case of HS746T (A) and H1993 (C), vascular endothelial growth factor (VEGF) levels in H1993 (C) and 
U87MG (B) and hepatocyte growth factor (HGF) only in U87MG (B). VEGF was below the limit of detection in the HS746T model (A).
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The plasma levels of HGF (Figure 4B) are elevated except 
in prostate cancer, however with a large variability.

Also for plasma VEGF levels (Figure 4C), there is 
a certain increase in cancer patients compared with 
healthy volunteers. However, the variability is extremely 
high so that many patients have levels in the range of 
healthy persons and one can expect changes only in 
some patients .

The MET ectodomain levels even appear to be lower in 
cancer patients. Since we also analyzed the MET expres-
sion in matched tumor samples of a subpopulation, it 
was possible to compare tumor and plasma concentra-
tions of MET. In a set of 20 tumor samples from gastric 
cancer patients, we found two cases of extremely high 
levels of MET expression, fitting to the reported frequency 
of MET amplification in this indication (Houldsworth 
et al., 1990). Figure 4E shows the MET expression levels 
in tumor samples and the levels of MET ectodomain in 
the plasma samples of the identical patients. Strikingly, 
there is no correlation and even the two cases with 
extremely high MET expression do not show any increase 
of MET ectodomain in the plasma. In conclusion, tumor-
derived plasma biomarkers can be used to monitor  
the tumor response to treatment in the animal model 
since the assays are species specific and give a clearly 

tumor-derived signal, but the approach may not be useful 
in the clinical situation since background levels of many 
markers are so high that the tumor-derived amounts  
are not significant. So measuring HGF, VEGF, and IL-8 
can only provide supportive data if objective responses 
correlate with changes in biomarkers, but they cannot 
be used for decision making.

MET phosphorylation as response biomarker
Therefore, to specifically test the tumor response to treat-
ment, we investigated whether the activation status of 
MET is a suitable biomarker. Upon activation by ligand 
binding, several tyrosine residues in MET will be phos-
phorylated. Binding of HGF leads to dimerization of the 
receptor and autophosphorylation of the activation loop 
tyrosines 1234/1235 strongly increasing the activity and 
leading to phosphorylation of the adaptor protein bind-
ing sites tyrosine 1349 and tyrosine 1365, which provide 
binding sites for the intracellular adaptor proteins that 
ultimately activate the downstream signaling (Zhang 
& Vande Woude, 2003). Another phosphorylation site, 
tyrosine 1003 is located in the juxtamembrane domain, 
where it regulates MET internalization in response to 
HGF binding by recruiting c-Cbl that leads to MET ubiq-
uitination, internalization, and degradation (Peschard 

Figure 3.  Dose-dependent effects of BAY-853474 in HS746T gastric cancer xenografts. The effect on the tumor weight after 5 days of 
treatment is shown in (A). HS746T xenografts are very sensitive to MET inhibition; the minimal effective dose in this model is only 1 mg/
kg. This strong antitumor effect is already obtained at only 50% inhibition of MET activity measured by phosphorylation of tyrosine-1349 
(B). The plasma levels of MET ectodomain (C) and interleukin-8 (IL-8) (D) reflect antitumor activity after 5 days of treatment. Hepatocyte 
growth factor (HGF) and vascular endothelial growth factor (VEGF) levels were below the limit of quantification.
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& Park, 2007). We first tested the different epitopes for 
their suitability to monitor MET activation. Figure 5A–D 
shows the effect of BAY-853474 on the different phospho-
rylation sites in the MET kinase. The IC

50
 values for the 

regulatory juxtamembrane phosphosite 1003 (7.4 nM), 
the activation loop site 1230/34/35 (9.8 nM), the adaptor 
protein docking site 1349 (5.0 nM), and the docking site 
1365 (4.9 nM) are not significantly different. For further 
analysis, we chose to use the phosphosite 1349 based on 
the lower potential for crossreactivities and the availabil-
ity of high-quality antibodies. Especially for the activa-
tion loop site, the potential for crossreaction with other 
kinases is extremely high due to the conserved sequence 
elements.

Phosphotyrosine 1349 is a very good readout for MET 
inhibition by BAY863474. The effects on all three MET-
dependent cell lines are depicted in Figure 5D, 5E and 5F. 
IC

50
 values in HS746T (1.6 nM), U87 (3.3 nM), and H1993 

(5 nM) are again identical within the experimental error.
Although the electrochemiluminescence-coupled 

ELISA provides excellent sensitivity and a long linear 
range, it requires carefully handled fresh frozen material 
and is therefore not easy to apply in clinical studies. For 
that purpose, we established an immunohistochemical 
staining protocol for MET phosphotyrosine 1349 based 
on formalin-fixed paraffin-embedded tissue, which is 
the standard sample format in the clinical setting. The 

established protocol gives a very specific membrane 
staining of the activated MET kinase. Specificity of the 
staining was shown by use of corresponding phospho-
peptides that completely abolish the staining (data not 
shown). Figure 6 shows the result of MET inhibition 
by BAY-853474 in H1993 xenografts. The samples were 
taken from the same experiment as shown in Figure 2. 
The staining shows the disappearance of the activated 
MET kinase from the plasma membrane. Testing MET 
phosphorylation by ELISA in the other half of the same 
tumor not only confirmed the effect but also showed an 
additional benefit of immunohistochemical analysis as 
evident for mouse 4, where the active growth zone of the 
tumor is relatively small, leading to no significant result 
in the ELISA approach, while the IHC analysis clearly 
show the effect of BAY-853474 on the active MET in the 
cytoplasmic membrane. With this protocol, we have a 
robust tool for monitoring MET inhibition in tumor biop-
sies that will be obtained in clinical studies.

Discussion

MET is a proto-oncogenic RTK that has been impli-
cated in a broad range of malignancies such as gastric, 
renal, lung, hepatic, and thyroid cancers, though it is 
often deregulated in only a very small subset of patients 
(Comoglio et al., 2008).

Figure 4.  The levels of HGF, vascular endothelial growth factor (VEGF), interleukin-8 (IL-8), and the MET ectodomain in 80 samples from 
gastric, colorectal, lung, breast, and prostate cancer compared with the levels of healthy volunteers. (A) Increased concentrations of IL-8 
are present in the plasma of cancer patients compared with healthy individuals. (B) Plasma levels of hepatocyte growth factor (HGF) are 
increased in many cancer indications but not in prostate cancer. (C) Plasma vascular endothelial growth factor (VEGF) levels are elevated 
in cancer patients compared with healthy volunteers, especially in lung cancer. (D) The MET ectodomain levels even appear to be lower in 
cancer patients. (E) Analysis of MET expression and ectodomain shedding in a subset of 20 matched tumor and plasma samples of gastric 
cancer patients. There is no correlation and even the cases with extremely high MET expression do not show a consistent increase of MET 
ectodomain in the plasma.
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BAY-853474, a highly selective ATP-competitive MET 
inhibitor, inhibits the kinase activity of the receptor and 
blocks cell proliferation in vitro. The high selectivity of 
the inhibitor is reflected by the lack of side effects in mice. 
The HS746T gastric cancer model is very sensitive to MET 
inhibition; about 1 mg/kg BAY-853474 was enough to 
reduce tumor growth in this model, whereas 9 mg/kg were 
required to block proliferation of U87MG. This difference 
could be explained by the fact that U87MG has a phos-
phatase and tensin homolog loss so that even a reduced 
MET signaling is still sufficient to drive tumor growth since 
no counterpart limits the MET-activated PI3K activity.

Because only a subset of patients is expected to respond 
to MET inhibition, a predictive biomarker to select poten-
tial responders would facilitate the clinical evaluation. The 
obvious candidates for such a marker, such as genomic 
amplification, overexpression or biochemical activity of 
MET, all require biopsies, which are sometimes difficult to 
obtain but can be replaced by archived tumor samples.

Because BAY-853474 is highly selective and did not 
show serious side effects at therapeutically relevant doses 
in the xenograft experiments, the classical approach of a 
MTD-based development may not be suitable. A phar-
macodynamic biomarker for response monitoring will 

be necessary to estimate the necessary therapeutic dose 
in humans. Therefore, we tested the suitability of plasma 
biomarkers for monitoring the response to MET inhibition 
in a glioblastoma and a gastric cancer xenograft model. 
Candidate markers are angiogenic factors since HGF has 
been shown to promote angiogenesis (Bussolino et  al., 
1992; Grant et al., 1993), and it was shown that this effect 
is mediated by HGF-mediated secretion of IL-8 and VEGF 
as well as downregulation of thrombospondin-1 (Dong 
et al., 2001; Zhang et al., 2003). In addition, MET expres-
sion also leads to shedding of an extracellular domain, 
a process that can even be regulated and correlates with 
the malignant potential of the tumor (Galvani et al., 1995; 
Nath et al., 2001; Athauda et al., 2006).

Several MET inhibitors are already in phase I and II clini-
cal trials (Cecchi et al., 2010; Liu et al., 2010). Clinical trials 
with MET inhibitors used pathway-related pharmacody-
namic markers like sMET, sVEGFR2, VEGF, PIGF, and EPO 
(Cecchi et al., 2010). However, many MET inhibitors also 
block several other cancer-related kinases, such as those 
of the VEGFR family. Foretinib (formerly XL-880) (Eder 
et al., 2010) inhibits MET, Ron, Axl, and VEGFR, cabozan-
tinib (formerly XL-184) inhibits MET and VEGFR2, and 
MGCD265 blocks VEGFR, Ron, and Tie-2 in addition to 

Figure 5.  We tested the effect of BAY-853474 toward different phosphorylation sites in the MET kinase. (A) The IC
50

 value for the tyrosine 
1003 is 7.4 nM. (B) The IC

50
 for the activation loop tyrosine’s 1230/34/35 is 9.8 nM, (C) for the adaptor protein docking site 1365 is 4.9 nM, 

and (E) for the docking site 1349 is 5.0 nM. These values are not significantly different. For further analysis, we chose to use the phosphosite 
1349 based on the lower potential for crossreactivities and the availability of high-quality antibodies. Phosphotyrosine 1349 is a very good 
readout for MET inhibition by BAY-853474, all three MET-dependent cell lines. The IC

50
 values in HS746T (E) with 1.6 nM and U87 (F) with 

3.3 nM closely match the value of 5 nM determined in H1993 (D).
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MET. Therefore, results from those studies cannot predict 
the activity of a selective anti-MET monotherapy since 
the effects on the angiogenic system are not only due to 
MET inhibition but also not exclusively tumor-specific. 
PF-2341066, crizotinib, xalkori (Pfizer), a very potent ATP-
competitive inhibitor, has advanced into phase III trials 
in patients with ALK alterations and has elicited striking 
responses (Christensen et al., 2007). However, this is due 
to the fact that PF-2341066 inhibits ALK in addition to 
MET; therefore, the results also do not predict the clinical 
activity of a pure MET inhibitor (Sampson et al., 2011).

Selectivity is not an issue for antibodies toward HGF 
(Wen et  al., 2011) and MET (Jin et  al., 2008), which are 
also under clinical investigation. Although a monomeric 
MET antibody showed promising results in NSCLC in 
combination with an EGFR inhibitor (Jin et al., 2008), the 
HGF antibody AMG-102 did not show efficacy in a glio-
blastoma trial (Wen et al., 2011). Earlier studies showed 
that AMG-102 led to increased HGF levels, this effect was 
explained by stabilization of HGF by the antibody and 
thereby not be used as a biomarker for tumor response 

(Gordon et al., 2010). In the same study on solid tumor 
patients, there was no effect on soluble MET ectodomain 
levels, a finding that can be explained by high baseline 
levels that are not tumor-derived.

Our studies, using a highly specific MET inhibitor, 
showed that angiogenic plasma biomarkers can be 
used to monitor MET inhibition in xenograft models. 
However, even with a specific MET inhibitor, part of the 
effect on the angiogenic factors and sMET will be derived 
from healthy tissue so that we will have a mixed tumor 
and surrogate marker. This may be sufficient for a first 
evaluation of PK/PD in clinical trials but will not allow 
a conclusion whether the plasma levels of inhibitor are 
sufficient to cause target inhibition in the tumor and are 
not suitable to monitor the response of the tumor.

ARQ197 is reported to be the most specific selective non-
competitive inhibitor of MET and is currently being tested 
in multiple phase II trials. The drug is well tolerated, and 
the initial evidence demonstrates a response. In the clini-
cal trials, instead of using angiogenic plasma markers, the 
phosphorylation of MET and FAK were used as mechanistic 

Figure 6.  (A) IHC shows the result of MET inhibition by BAY-853474 in H1993 xenografts. Tumor samples are derived from the same 
experiment as shown in Figure 2. Half of the tumor was lysed for ELISA analysis, and the other half were formalin fixed and paraffin 
embedded for staining with an anti-MET phosphotyrosine 1349 antibody. The staining shows the disappearance of the activated MET 
kinase from the plasma membrane. (B) Testing MET phosphorylation by enzyme-linked immunosorbent assay (ELISA) in the tumor lysate 
not only confirmed the treatment effect but also showed an additional benefit of immunohistochemical analysis as evident for mouse 4, 
where the active growth zone of the tumor is relatively small, leading to no significant result in the ELISA approach, while the IHC analysis 
clearly shows the inhibition of MET in the cytoplasmic membrane.
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markers (Yap et al., 2011). In phase I study of ARQ197 MET 
levels, pY1349 and FAK pY861 were investigated by immu-
nohistochemistry in 15 out of 51 patients and decreasing 
levels of these markers under treatment described but not 
linked to disease stabilization (Yap et al., 2011). However, 
this can be due to technical issues since the published data 
show no clear membrane localization of MET and FAK and 
only a weak decrease in intensity. Probably, an improve-
ment of the IHC protocol would lead to better results. We 
established a specific and sensitive IHC protocol for MET 
phosphorylation that is suitable to monitor MET activation 
levels at baseline and in response to a MET inhibitor.

The ideal clinical trial from a biomarker perspective 
would include a predictive marker, which would be MET 
expression and activity measured by ELISA or IHC in a 
fresh biopsy. However, in the clinical situation, this is 
often be replaced by an archived biopsy, which may be 
valid but may also fail to detect cases of MET amplifica-
tion, for example, cases that arise during development 
of resistance to EGFR inhibitors. For detection of phar-
macodynamics, a second fresh biopsy after treatment is 
ideal to prove target inhibition by a mechanistic marker 
such as MET phosphorylation and also get a response 
marker readout such as Ki67 expression or apoptosis.

Thus, clinical studies driven by biomarker assessments 
in paired biopsies should be the goal for drug develop-
ment in the age of personalized medicine with highly 
selective and well-tolerated drugs. Recently, the biomark-
er-driven Biomarker-Integrated Approaches of Targeted 
Therapy for Lung Cancer Elimination trial (BATTLE trial) 
on NSCLC provided evidence that even core biopsies can 
be obtained in an indication that was regarded as prob-
lematic in this respect (Kim et al., 2009).

Only in cases where fresh biopsies cannot be obtained, 
response monitoring has to rely on changes of plasma 
biomarkers or other noninvasive options. We have shown 
that for BAY-853474, changes in sMET, HGF, VEGF, and 
IL-8 could be measured. Since many patients will have to 
high background levels, response monitoring by fluoro-
deoxyglucose positron emission tomography (FDG-PET) 
is a good alternative to detect responders. The feasibility 
of FDG-PET imaging for response monitoring for MET 
inhibitors was described (Tseng et al., 2008), and recently, 
we also confirmed for BAY-853474 where we could also 
show the suitability of FDG as well as fluoro-L-thymidine 
positron emission tomography in the HS746T xenografts 
model (Wiehr et al., submitted).

Conclusion

The novel MET inhibitor BAY-853474 blocks cell prolif-
eration by blocking kinase activity, leading to a reduction 
in tumor size in xenograft mouse models of gastric can-
cer, glioblastoma, and NSCLC. The plasma biomarkers 
HGF, VEGF, IL-8, and MET ectodomain indicate tumor 
burden and respond to treatment in preclinical models. 
However, clinical levels of these biomarker candidates 
are only moderately increased in most patients compared 

with healthy volunteers so that many responses may be 
masked by healthy endogenous levels. Biochemical char-
acterization of target inhibition by immunohistochemis-
try and PET imaging remains the most promising way to 
prove response to MET inhibition in the clinical routine.
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