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Abstract: MET tyrosine kinase (TK) dysregulation is significantly implicated in many types of cancer. Despite 

over 20 years of drug development to target MET in cancers, a pure anti-MET therapeutic has not yet received 

market approval. The failure of two recently concluded phase III trials point to a major weakness in biomarker 

strategies to identify patients who will benefit most from MET therapies. The capability to interrogate oncogenic 

mutations in MET via circulating tumor DNA (ctDNA) provides an important advancement in identification and 

stratification of patients for MET therapy. However, a wide range in type and frequency of these mutations suggest 

there is a need to carefully link these mutations to MET dysregulation, at least in proof-of-concept studies. In this 

review, we elaborate how we can utilize recently developed and validated pharmacodynamic biomarkers of MET 

not only to show target engagement, but more importantly to quantitatively measure MET dysregulation in tumor 

tissues. The MET assay endpoints provide evidence of both canonical and non-canonical MET signaling, can 

be used as “effect markers” to define biologically effective doses (BEDs) for molecularly targeted drugs, confirm 

mechanism-of-action in testing combination of drugs, and establish whether a diagnostic test is reporting MET 

dysregulation. We have established standard operating procedures for tumor biopsy collections to control pre-

analytical variables that have produced valid results in proof-of-concept studies. The reagents and procedures are 

made available to the research community for potential implementation on multiple platforms such as ELISA, 

quantitative immunofluorescence assay (qIFA), and immuno-MRM assays.
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Introduction

MET oncogenic signaling (1,2) has been a promising 
drug target across many cancer types, albeit in a fraction 
of patients. So far, drugs that target MET tyrosine kinase 
(TK) have matched this promise only in preclinical 
models where MET is the driver gene. Among the first 
few candidate drugs that progressed to advanced stage 

testing, tivantinib and onartuzumab (Metmab), have failed 
to produce the desired results in phase III studies (3-5).  
This disappointment has led to questions regarding 
whether MET is a bona fide target for cancer therapy and 
also the value of rushing into untested patient selection 
strategies without fully establishing the linkage between 
the diagnostic test and the biology of MET dysregulation. 
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Notwithstanding these setbacks, the pursuit of targeting 
MET is ongoing (6,7), as is evident from the >30 clinical 
trials registered at clinicaltrials.gov for testing new 
paradigms in targeting MET and from the clinical study 
of two new MET inhibitors this year. Success of these 
agents depends on improved patient selection strategies 
that we anticipate may overcome initial failures. Some 
recent developments are encouraging; most important 
among them is identification of exon 14 skipping mutations 
(MET∆14) in the TCGA data set, opening up an entirely 
new way and new patient population to identify and target 
MET dysregulation (8-10). Introduction of newer platforms 
for genomic interrogation such as circulating tumor 
DNA (ctDNA) in blood overcomes a major bottleneck 
(11,12) that is associated with the collection of fresh tumor 
biopsies. However, the approach of screening patients for 
MET∆14 and other genetic aberrations may be confounded 
by the biological diversity underlying these mutations. 
Therefore, establishing the relationship between MET 
mutations, as determined by ctDNA or other techniques, 
and dysregulation of the MET pathway in cancer tissue will 
be critical to ensuring the success of this new diagnostic 
strategy. 

MET TK dysregulation happens in multiple ways, 
including abnormal ligand signaling, MET-activating 
mutations, and constitutive MET activation due to 
overexpression or gene amplification. Measurement of 
the phosphorylation state of key kinase domain tyrosines 
(broadly symbolized hereafter as pMET for phospho-MET) 
is the most reliable indicator of MET pathway activation, 
irrespective of its activation mechanism. Therefore, to 
demonstrate dysfunction of MET signaling or drug-
induced suppression of MET signaling, pMET should be 
measured directly in tumor tissues. This has been achieved 
fairly consistently and successfully in preclinical models 
primarily using immunoblot techniques, and occasionally 
using ELISA or IHC assays. However, translation of 
matching assays in clinical settings and standardization 
of pre-analytic variables have been limited. In addition to 
difficulties in obtaining fresh tumor tissue to establish that 
MET diagnostics reflect the most recent status of cancer 
patients, two technical problems have hampered translation 
of pMET measurements in clinical studies: (I) sampling 
errors due to the limited stability of phospho-signals in 
biopsies; and (II) availability of specific antibodies and 
reagents that can be moved beyond the research setting into 
clinical laboratories. We recently described novel reagents 
and assays that the NCI has developed, standardized, and 

validated to facilitate the transition from the research lab 
to the clinic (13). In this review, we further elaborate on 
the underlying principles that guided development of 
our novel MET assays and the unique advantages they 
offer in providing tangible, quantifiable evidence of MET 
dysregulation and its blockade by MET inhibitors. 

Ischemia time is the most critical pre-analytical 
variable for application of MET translational 
assays

For over a decade, measurement of phosphoproteins 
in vivo has been known to be influenced by delays in 
cryopreservation or fixation of tumor tissue (“time-to-
stabilization”). This delay encompasses both warm ischemia 
(defined as the time between vessel ligation and tissue 
removal at body temperature) and cold ischemia (defined 
as the time between tissue removal and cryopreservation or 
fixation at room temperature). Despite recognition of the 
importance of this pre-analytical variable, standardization 
of this variable in clinical practice has lagged. For example, 
the most recent CAP-ASCO guideline (14) suggests 
that ischemia time should be minimized, not exceeding 
60 minutes. However, multiple studies have proven that 
this timeline is inadequate if the goal is preservation of 
phospho-signals. Two recent proteomic studies employing 
MRM mass spectrometric assays for >20,000 serine (pS) and 
threonine (pT) phosphosites (representing 15,000 proteins) (15)  
and >200 tyrosine (pY) phosphosites revealed that >20% 
of pS or pT and >50% of pY signals can be altered or lost 
within 5 minutes of cold ischemia time (15,16). These 
studies could not identify MET peptides, likely because the 
enrichment process was insufficient to capture extremely 
low-abundance proteins. We studied the impact of both 
cold and warm ischemia time on SNU5 tumors and 
demonstrated that biopsies must be cryopreserved within 
three minutes of collection to preserve pMET signals (13).  
Even a modest delay of 15 minutes under warm/cold 
ischemia can result in >60% loss in pMET signal. 
Uncontrolled ischemia time will introduce measurement 
artefacts that may obscure results or simply lead to 
misinterpretation as drug-induced target suppression. 
Although a 3-minute collection time appears to be a 
daunting task, a coordinated effort between radiologists and 
laboratory personnel has enabled the successful collection 
of hundreds of biopsies within this time frame at NCI 
clinics. Details of biopsy collection and processing required 
for valid measurement of pMET and other PD biomarkers 
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are described in SOP341205 at http://dctd.cancer.gov/
ResearchResources/ResearchResources-biomarkers.htm. 
Fortunately, once cryopreserved, MET is fairly stable at 
assay operating temperatures in tissue lysates containing 
broad-spectrum phosphatase and protease inhibitors for the 
duration of analysis (13). 

Tumor heterogeneity is another important pre-analytical 
variable that affects the consistency of MET measurements 
between biopsy cores. In experimental xenograft tumors, 
this variability dictates that drug-induced changes in pMET 
levels must exceed 45% in magnitude to be considered 
distinguishable from the variability due to normal biological 
heterogeneity and sampling error (13). There are many 
underlying reasons for this variability. Uneven sampling 
of tumor tissue may result in inconsistent tumor content, 
confounding the interpretation of assay results in pre- 
and post-drug treatment samples (17,18). When biopsies 
are converted to lysates this becomes an even greater 
challenge. We employed a total MET immunoassay that 
not only measures the full-length MET protein levels, but 
can also be used to normalize the measurement of MET 
phosphorylation. This allows for reporting of pMET signals 
as the ratio of pMET to total MET protein, potentially 
overcoming errors in tumor sampling (13).  

MET-activating A-loop tyrosine-1235 is 
preferentially phosphorylated in some oncogenic 
forms 

The biochemical evidence of MET activation and the 
mechanism of phosphorylation of tyrosines in the kinase 
domain have been extensively documented (2,19). In 
brief, ligand activation aggregates MET and disrupts the 
closed A-loop conformation, thus removing autoinhibition 
and allowing for kinase activation through trans-
autophosphorylation of the A-loop tyrosine doublet, Y1234 
and Y1235. Phosphorylation of both these tyrosines is 
essential for kinase activity of the wild type (WT) MET. 
The requirement for dual phosphorylation to maintain 
optimal kinase activity is similar to other kinases in this class 
and also represents an additional protection mechanism 
against deactivation by phosphatases. The sequence of 
phosphorylation of Y1234 vs. Y1235 during activation 
is not clearly established. It is proposed that Y1235 is 
more solvent-accessible and phosphorylated first (19).  
However, Y1235 phosphorylation is not enough to reverse 
the autoinhibition of WT MET, and Y1234 must also be 
phosphorylated for full kinase activity. In contrast to WT 

MET, many oncogenic mutations in the MET kinase 
domain (e.g., L1213V, M1268T, D1228H, D1228N, 
Y1235D, and M1250T) found in hereditary papillary 
renal carcinoma (HPRC) and sporadic renal tumors have 
been shown to make Y1234 phosphorylation dispensable 
in mutational studies (Figure 1A) (19,20). Oncogenic 
mutations in the MET gene can lower the threshold for 
activation by destabilizing the autoinhibited conformation 
when MET is only phosphorylated at Y1235 (Figure 1A). 
Despite these data establishing a critical role for Y1235, 
the measurement of pY1235-MET was not possible in the 
past as most antibodies recognize pY1234 or pY1235 with 
equal or unknown binding affinities (13). Therefore, for 
generation of specific monoclonal antibodies we prioritized 
Y1235 as the most critical phospho-tyrosine measurement 
in the MET A-loop. The goal was to develop an antibody 
that recognizes pY1235-MET independent of pY1234-
MET. Development, specificity characterization, and 
application of a rabbit monoclonal antibody (clone 23111) 
specific to pY1235-MET—and not double-phosphorylated 
pY1234/35-MET—has been described recently (13). A 
pharmacodynamic assay employing this pY1235-MET-
specific antibody has been developed and validated for 
clinical testing in human biopsies. This rabbit monoclonal 
antibody has also been converted to a recombinant antibody 
production system and is available for research use from 
the Developmental Studies Hybridoma Bank, University of 
Iowa (http://dshb.biology.uiowa.edu/ & https://antibodies.
cancer.gov/apps/site/). The SOPs for assay methodologies 
of various MET assays are available from the NCI (http://
dctd.cancer.gov/ResearchResources/ResearchResources-
biomarkers.htm). 

Accumulation of mono-phosphorylated Y1235-
MET in hereditary papillary renal cancers 

The first application of pY1235-MET antibody clone 
23111 for human cancer tissues was performed on multiple 
tumor biopsies from an HPRC patient carrying germline 
trisomy of chromosome 7, with two copies of mutated MET 
(in this case, H1112R) and one copy of WT MET (20). 
We observed that pY1235-MET was mainly present as an 
approximately 50 kDa fragment (Figure 1B) by immunoblot 
and largely undetectable by sandwich assay using analyte 
capture at the N-terminal domain. Interestingly, the ~50 
kDa fragment did not show reactivity with a dual pY1234/
pY1235-MET antibody (clone D26), providing indirect 
evidence that this MET fragment lacks phosphorylation 
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at Y1234 (however, the precise specificity of clone 
D26 has not been fully characterized). A quantitative 
immunofluorescence assay (qIFA) was developed for 
simultaneous detection of pY1235-MET and total MET 
in formalin-fixed paraffin-embedded (FFPE) tissues to 
determine localization of pY1235-MET or total MET 
signal in tissues and how it is modulated by MET inhibitors 
(21). The success of our qIFA was attributed mainly to 
greater specificity of our pY1235-MET antibody (clone 
23111), as previously-existing antibodies crossreact not 
only with pY1234-MET, but also with other kinases such 
SRC and RON. Employing qIFA staining of formalin-
fixed tumor tissues from an HPRC patient with the 23111 
monoclonal antibody revealed that pY1235-MET staining 
was mostly localized to the nucleus (Figure 1C) (21). 

Even though nuclear localization of a MET fragment 
has been described in multiple studies (22-24), our data 
(Figure 1C) for the first time demonstrates a uniquely 
phosphorylated form of MET in the cell nuclei of renal 
cancer patient tumor tissues. Our observations also 
confirmed earlier findings that a fraction of MET in 
sporadic renal tumors is primarily phosphorylated at 
Y1235 and not at Y1234 (based on non-reactivity with dual 
pY1234/pY1235-MET antibody). In light of these and prior 
findings, we speculate that the ~50 kDa fragment may be 
the gene product of the mutated MET gene copies, whereas 
the double-phosphorylated full-length MET detected is 
derived from the WT MET gene copy. 

Our initial characterization provides sufficient evidence 
that our pY1235-MET antibody-based ELISA and qIFA 
assays can untangle the many diverse modes by which MET 
can be activated and processed. The specificity of clone 
23111 was critical for measurement of phosphorylated 
MET in FFPE samples, where even minor crossreactivity 
renders most antibodies unreliable. Recent studies (25,26) 
highlight the importance of implementing a biomarker 
strategy that recognizes both canonical and non-canonical 
mechanisms of MET activation, recycling, and processing. 
Although most drugs act by suppressing the canonical 
pathway in MET-amplified cancer cell lines, non-canonical 
MET processing may be more prevalent in cancers with 
mutated MET, potentially predicting drug resistance and 
providing important information on targeting a subgroup 
of patients. Assaying for a truncated pY1235-MET could 
be an interesting ‘biomarker’ for HPRC, if it is proven that 
the mutant form mainly yields the uniquely phosphorylated 
~50–60 kDa protein.

Nuclear localization may shed light on non-
canonical functions of MET 

Many receptor tyrosine kinases (RTKs) (e.g., EGFR, 
FGFR, VEGFR, ERRB2, and IGF1R) are known to 
translocate to the nucleus in response to ligand stimulation 
or oxidative stress to regulate transcription of genes (27,28), 
and similarly the role of MET in the nucleus is beginning 
to be elucidated. 

Generally, nuclear transport occurs through a protease-
dependent cleavage of the transmembrane domain of RTKs 
to release the cytoplasmic domain during endocytosis, which 
can then be translocated to other organelles including the 
nucleus. In this regard, a pH-dependent nuclear localization 
signal (NLS) has been identified in the juxtamembrane 
region (H1068–H1079) of MET encoded by exon 14, which 
translocates to the nucleus both in vitro and in vivo (29). 
MET fragment(s) in the nucleus are reportedly associated 
with increased expression of SOX and β-catenin (30)  
to promote gene transcription and the transition to 
a mesenchymal, drug-resistant phenotype. A second 
mechanism, similar to EGFR, suggests intact MET can be 
transported to the nucleus by integral trafficking from the 
endoplasmic reticulum (ER) to the nuclear envelop. It is 
believed that oxidative stress can induce this type of ER-to-
nucleus trafficking mode. It has been shown recently that 
full-length MET can associate with PARP1 in the nucleus 
and phosphorylate PARP1 at Y907 in MDA-MB-231 
cell lines. Phosphorylation of Y907-PARP1 modulated 
enzymatic activity to reduce sensitivity to a PARP inhibitor, 
which was overcome by a combination of PARP and MET 
inhibitors (25). This study provides compelling preclinical 
evidence of non-canonical MET signaling and how an 
understanding of such signaling may reveal new ways to 
suppress resistance and treat MET-driven cancers. 

Identification of nuclear pY1235-MET in biopsies 
from an HPRC patient prompted us to look into other 
mutant forms of MET, especially in the H596 non-small 
cell lung cancer (NSCLC) cell line that harbors the MET 
exon 14 splice variant (9). Lacking the aforementioned 
juxtamembrane region, this mutant MET leads to decreased 
Cbl binding, prolonged protein stability, extended 
cell signaling upon HGF stimulation, and increased 
tumorigenicity (31). Our initial interest in the H596 cell 
line was for use in pharmacodynamic studies where MET 
is activated in vivo by paracrine signaling, and not by the 
MET amplification observed in many gastric cancers. We 
generated such a model through the use of human HGF 
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Figure 1 Phosphorylated A-loop tyrosine Y1235 is preferentially phosphorylated in some mutant forms of MET and appears to be 
processed differentially. (A) In the WT MET receptor, phosphorylation of the two A-loop tyrosines Y1234 and Y1235 is necessary to induce 
MET canonical signaling. In HPRC cells, oncogenic mutations in the MET gene can overcome the need for phosphorylation of Y1234, and 
kinase activity of MET can be achieved by phosphorylation of Y1235 only. We developed an antibody specific to pY1235 that binds MET 
irrespective of Y1234 phosphorylation. (B) Using this antibody we demonstrated that the mono-phosphorylated pY1235-MET is processed 
differentially as a smaller fragment and (C) accumulates in the nucleus. WT, wild type; HPRC, hereditary papillary renal carcinoma.  
(Figure 1B,C reproduced from Srivastava et al., Clin Can Res, 2016).
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knock-in (KI) mice (hemizygous hHGFki/− and homozygous 
hHGFki/ki; AVEO Pharmaceuticals and The Jackson 
Laboratory) bred (at Biological Testing Branch, NCI) to 
have homozygous SCID (Prkdcscid) background for xenograft 
studies. These KI mice produce significant stromal human 
HGF, detectable in blood, in place of murine HGF. H596 
was the only cell line out of several tested in this mouse 
model to demonstrate detectable phosphorylation of MET 
in vivo, and the tumors grew relatively rapidly compared 
to H596 tumors in normal SCID mice (Figure 2A). When 
we applied our full length pY1235-MET and pY1356-
MET assays to H596 xenografts developed in HGF KI 
mice, surprisingly we found less than 5% of MET was 
phosphorylated at Y1235. Our qIFA assay detected MET 
on the plasma membrane and pY1235-MET signals 
localized to the nucleus. Interestingly, the signal intensity 
of nuclear pY1235-MET increased in proportion to the 
HGF dose (normal SCID, hemizygous KI, homozygous KI;  
Figure 2B,C,D). Increased nuclear pY1235-MET also 
correlated with a significant increase in the mesenchymal 
phenotype (based on vimentin:E-cadherin ratios; Figure 2E). 
The HGF/MET pathway has previously been shown to be 
activated in small cell lung cancer (SCLC) in vivo, leading 
to increased expression of mesenchymal markers as well as 
tumorigenic and chemoresistant tumor phenotypes; specific 
inhibitors of MET reversed the resistant mesenchymal 
characteristics and enhanced chemosensitivity of SCLC 
tumors (32). Similarly, we observed increased expression 
of cancer stem cell factors such as Slug, Snail and SOX9 
in E–M transitioning tumor tissues adjacent to HGF-
containing stroma with parallel diminishment of E-cadherin 
expression and enhancement of vimentin expression (33), 
thus demonstrating EMT and changes in cancer stem cell 
biology induced by an HGF-secreting stroma and associated 
with enhanced pY1235-MET localization to the nucleus.

Phosphorylation at MET Y1234, Y1235, and 
Y1356 differs substantially in MET-amplified cell 
lines and tumor tissues

Several studies have suggested a relationship between 
phosphorylation of Y1234/1235-MET and A-loop 
activation, followed by phosphorylation of Y1349/1356-
MET, which then regulates MET downstream signaling 
via multiple SH2 domain docking site proteins. However, 
the exact magnitude of phosphorylation at these tyrosine 
residues and their relation to the biological activity of 
MET is largely unknown. Most of our interpretation of the 

phosphorylation status of MET is derived from immunoblot 
data using antibodies that cannot distinguish between 
A-loop phosphorylated tyrosines or accurately reflect the 
relative quantitative changes in individual phosphorylated 
tyrosines. Thus, the relative proportion of total MET that 
is phosphorylated at Y1234 vs. Y1235 in cancer cells has not 
been studied. Absolute quantification requires MRM-MS-
based quantitative assays in combination with stable isotope-
labeled phosphopeptides as internal standards. We applied 
both MRM assays and ELISA, using our pY1235-MET 
specific antibody and recombinant MET as a calibrator, 
to determine pMET:MET ratios pre- and post-drug 
treatment. Our data, though limited by the number of cell 
lines, suggests interesting differences in the phosphorylation 
status of MET Y1234, Y1235, and Y1356. We observed 
that Y1235 is phosphorylated in significantly lower 
proportions as compared to Y1234. This was unexpected, 
as molecular-modeling-based predictions suggest Y1235 
to be phosphorylated first, and most immunoblot data 
suggests equal phosphorylation of Y1234. We cannot rule 
out the possibility that our observations are influenced 
by the dephosphorylation rate of Y1234. In a gastric 
cancer model (SNU5), the pMET:MET ratio was 0.72 
for pY1234/pY1235-MET, 0.21 for pY1235-MET alone, 
and 0.19 for pY1356-MET (Figure 3A,B). Our MRM-MS  
assays (34), developed to determine phosphorylation 
occupancy at Y1234 and Y1235 individually, revealed ratios 
similar to those measured by ELISA (Figure 3C). In multiple 
patient biopsies, where we could measure dual pY1234/35-
MET by ELISA, the ratios of full-length pY1234/pY1235-
MET:MET were 0.15, 0.28, and 0.38 in HPRC, ovarian, 
and esophageal cancers, respectively (35). These ratios were 
much lower than those observed in MET-amplified SNU5, 
MKN45, and GTL16 cell lines. 

Interestingly, the degree of phosphorylation at the 
MET multiple-docking-site pY1356 is somewhat similar 
to pY1235. However, we could not confirm a direct 
relationship between these two sites, or whether the same 
MET molecule is activated at both sites (MRM assays 
for pY1356 were hampered by the solubility of tryptic 
peptides for calibration). Furthermore, despite similar 
phosphorylation of MET Y1235 and Y1356, suppression of 
Y1356 phosphorylation by small molecule MET inhibitors 
was significantly slower and lower in magnitude than that of 
Y1235 (13). These data for the first time highlight intricate 
differences in phosphorylation of different tyrosine residues 
on MET. Since it is the multiple-docking-site tyrosine that 
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Figure 2 Lung cancer model H596 tumor xenografts (harboring MET exon 14 skipping mutations) from hHGF knockin SCID mice exhibit 
enhanced nuclear pY1235-MET expression compared to tumors obtained from wild type SCID mice. (A) H596 cells (1×107) were implanted 
in either SCID (Prkdcscid), hHGFki/− (human HGF knockin) or hHGFki/ki mice and tumor growth monitored 2–3 times per week for the 
indicated number of days. Tumors were harvested after they have reached 300 mg in tumor weight; (B) top row panel shows representative 
monochromatic IFA image of TMA tumor tissues derived from hHGF knockin and SCID mice showing nuclear pY1235-MET expression. 
Middle and lower panels show pY1235-MET (red) and nuclei (DAPI; blue) marker masks, respectively, derived from Definiens image 
analysis; (C) scatter graph shows significant increases in nuclear pY1235-MET, expressed as nuclear area percentage (%NAP), in H596 
tumors obtained from HGF knockin vs. SCID mice. Each point corresponds to measurements obtained from an individual mouse. *, 
P<0.016 vs. SCID (not adjusted for multiple comparison); **, P<0.0095 vs. SCID; (D) high resolution image of focal nuclear pY1235-MET 
IFA staining in the nuclei of H596 tumor xenografts; (E) representative immunofluorescence image of H596 tumor tissues derived from 
SCID and hHGF knockin mice stained by IFA for E-cadherin (green) and vimentin (red). The images show increased mesenchymal tumor 
phenotype in the HGF knockin mice compared to the SCID background.
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effects MET signaling, it is important to define the nuances 
of suppression of pY1356-MET in relation to the A-loop 
tyrosines and their molecular responses to drug exposure. 

How does our ability to accurately measure pMET as a 
fraction of total MET help improve management of tumors 
driven by MET? An example is highlighted in a recent 
study describing a “rebound effect” during small molecule 
tyrosine kinase inhibitor (TKI) therapy (26). This study 
demonstrated that discontinuation of a drug leads to a 

small fraction of cells that remain alive and exhibit rebound 
activation of MET signaling. Importantly, this reactivation 
leads to a much “higher” level of phosphorylation than 
those seen in steady-state conditions. Furthermore, the 
“rebound” phosphorylation is prolonged in duration 
and accompanied by changes in MET processing and 
localization. Therefore, quantitative determinations of 
phosphorylation status pre- and post-treatment can provide 
important information on reactivation of MET that is 

Figure 3 Magnitude of phosphorylation at Y1234 and Y1235 in MET amplified cell line SNU5 and tumor biopsies. (A) In the MET 
amplified SNU5 cell line, the magnitude of phosphorylation of two A-loop tyrosines Y1234 and Y1235 as measured by two separate ELISA. 
A pY1235-MET specific ELISA (clone 23111) measured only Y1235-MET phosphorylation, whereas, pY1234/1235-MET ELISA detected 
both pY1234-MET and pY1235-MET. The percentage inhibition of both tyrosines (clone D26) by a MET inhibitor, crizotinib, was 
comparable; (B) the differential phosphorylation ratio of A-loop tyrosine was confirmed in an MRM mass spectrometric assay employing 
isotope labeled peptide calibrators. Top panel shows mass peaks from cell lysates and bottom panel shows corresponding peaks from heavy 
peptide calibrators; (C) ratio of full length dual pY1234/35-MET/MET in biopsies of a sporadic renal tumor from HPRC. RT, retention 
time; AA, peak area. (Figure 3A recreated from Srivastava et al., Clin Can Res, 2016).
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linked to a resistance mechanism.

How to utilize pY1235-MET and pY1356-MET 
reagents/assays to support drug development 

The pY1235-MET antibody can be used for diagnostic test 

We have developed tumor sample collection and handling 
procedures that preserve the phospho-MET signal in 
biopsies. In addition, we have developed a specific antibody 
to pY1235-MET. Combined together, the pY1235-
MET assays could not only be used in pharmacodynamic 
biomarker studies to demonstrate drug effects, but can 
also be used to identify patients with tumors that harbor 
constitutive pY1235-MET activation for treatment with 
MET inhibitors (a diagnostic test). Positive pY1235-MET 
staining on the membrane would confirm that MET is 
not only expressed but that signaling is “active”, indicating 
that both ligand-specific and MET inhibitors may be 
implemented in combination. On the other hand, nuclear 
staining would be informative for consequential MET 
processing and interaction with other pathways. This is 
a promising application that we have not yet validated in 
terms of demonstrating clinical utility with prospective 
tumor collection. 

Link diagnostics to MET biology 

The MET diagnostic biomarker landscape is changing 
drastically, with current efforts focused on genomic 
interrogation of MET to identify MET amplification 
and MET exon 14 alterations as potential predictive 
biomarkers. When combined with the ability to perform 
relatively non-invasive genomic tests in blood (ctDNA), 
this strategy supports effective screening of a large number 
of patients. Blood-based testing also enables a clinician to 
take a ‘snapshot’ of a patient’s current situation (cancer-
associated gene mutations) before selecting a treatment 
regimen, capturing spontaneous mutations that may have 
occurred after a biopsy was taken, typically 2–3 months 
before treatment with a MET inhibitor begins. However, 
we believe that a blood-based diagnostic approach needs to 
integrate genetics with the cancer-specific biology of MET, 
at least in proof-of-concept studies. Otherwise we may be 
committing ourselves to the same unverified diagnostics 
that we know have not worked in the past. Despite more 
than two decades of anti-MET drug development, efforts 
to demonstrate suppression of MET phosphorylation 

and associated downstream signaling in clinical pre- and 
post-treatment biopsies are minimal. As such, there is a 
discrepancy between preclinical and clinical efficacy of 
MET inhibitors. It is critical to demonstrate direct evidence 
that not only is the diagnostic test identifying tumors 
harboring MET dysregulation, but also that drug-induced 
suppression is predictive of clinical responses. Since we are 
beginning a shift in diagnostic assessment of patients using 
new assays, it is critical to verify the linkage in early-stage 
clinical studies.

Use translational assays to validate hypotheses in proof-of-
concept studies 

Another unresolved issue is how best to combine MET 
inhibitors with other therapies that are predicted to 
activate MET signaling as a resistance mechanism. 
Multiple hypotheses have been proposed to combine 
MET-targeting therapy with cytotoxic agents, anti-
angiogenesis inhibitors, agents targeting DNA repair, and 
immune therapies. We believe it is worthwhile to validate 
these hypotheses, which are largely based on in vitro data, 
by using MET translational assays to demonstrate that the 
mechanism of action is valid in vivo. We utilized our MET 
ELISA (13) and MET qIFA (21,33) assays to demonstrate 
MET activation as a possible resistance mechanism in 
response to VEGFR inhibition in a pre-clinical study. 
Our results confirmed the general hypothesis, but 
also highlighted important differences in responses 
depending on the epithelial or mesenchymal origin of 
the tumors. Thus, for future drug combination trials, 
there should be an emphasis on biomarker-driven proof-
of-concept studies, clearly establishing the link between 
MET activation and a need to apply MET inhibitors in 
combination with other drugs. MET assays can also guide 
the exact time when MET inhibitors may be introduced in 
the combination study and the dosing schedules required 
to sustain MET suppression. 

Identify biologically effective doses (BEDs) for highly 
selective MET inhibitors and avoid maximum tolerated 
dose (MTD)-based dosing 

The phase II recommended dose has been traditionally 
selected on the basis of tolerability and usually is equivalent 
to the MTD defined by acceptable toxicity. However, many 
selective targeted agents may not reach MTD (36,37), or 
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such doses may be significantly higher than those required 
for the optimal target suppression (36,38), also known as a 
BED. A recent review of cancer drug monotherapies found 
that >60% of approved drugs have doses lower than the 
MTD (36). For targeted therapies such as highly selective 
TKIs or monoclonal antibodies, BED provides a safe and 
effective alternative strategy. The biological effect could 
be determined by a pharmacodynamic biomarker assay 
in tumor tissues by establishing that marker suppression 
is predictive of tumor shrinkage. An example of this 
alternative approach is tepotinib (EMD1214063), which 
is a highly-selective small molecule MET inhibitor. Dose-
limiting toxicities for tepotinib were not observed and a 
target engagement-based BED of 500 mg/day was recently 
selected for a phase II study (39). We applied pY1234/
pY1235-MET assays as an “effect marker” to compare 
three MET inhibitors and showed that the dosage and 
schedules that achieve sustained suppression of pY1234/
pY1235-MET >90% achieved optimal and equivalent 
tumor shrinkage irrespective of the type of MET inhibitor 
(40,41). Our results demonstrated that tepotinib achieved 
>90% suppression of pMET and >80% tumor regression 
in gastric tumor xenografts at a BID dose of 12.5 mg/kg  
(×5 days) (41). These data support the application of MET 
PD assays to guiding BED selection as an alternate strategy 
to MTD. 

In conclusion, the newly developed MET assays 
provide robust tools for pharmacodynamic evaluation 
of MET inhibitors and could be utilized to improve our 
understanding of MET signaling in ways not previously 
feasible. The pY1235-MET-specific antibody could 
be applied to a new diagnostic test, as it is suitable for 
multiple testing platforms such as ELISA, immunoaffinity 
mass spectrometry, immunohistochemistry, and qIFA. 
However, the standards for demonstrating clinical utility 
of a diagnostic test are substantially different and require 
prospective clinical studies where the value of these reagents 
still needs to be proven.  
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