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Abstract

Background—MET gene amplification and Met protein overexpression may be associated with
poor prognosis. METMet status is typically determined with fluorescent /n situ hybridization
(FISH) and immunohistochemistry (IHC), respectively. Targeted proteomics uses mass
spectrometry-based selected-reaction-monitoring (SRM) to accurately quantitate Met expression.
FISH, IHC, and SRM analyses were compared to characterize the prognostic value of METIMet in
gastroesophageal adenocarcinoma (GEC).
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Methods—Samples from 447 GEC patients were analyzed for MET gene amplification (FISH)
and Met protein expression (IHC and SRM). Cox proportional hazards models and Kaplan-Meier
estimates were applied to explore relationships between Met, overall survival (OS) and clinical/
pathologic characteristics. Spearman’s rank coefficient assessed the correlation between
parameters.

Results—Patients with MET-amplified tumors had worse OS (METI CEP7 FISH ratio =22 (hazard
ratio [HR] 3.13; 95% CI 1.84-5.33), MET gene copy number =5 (HR 2.51; 95% CI 1.45-4.34), or
>10% of cells =15 copies (HR 4.28; 95% CI 2.18-8.39). Similar observations were made with Met
protein overexpression, by IHC (=25% tumor cell membrane, =1+ intensity) (HR 1.39; 95% CI
1.04-1.86) or SRM (=400 amol/ug) (HR 1.76; 95% CI 1.06-2.90). Significant correlation was
observed between METFISH/Met IHC, MET FISH/Met SRM, and Met IHC/Met SRM; only
METFISH and Met SRM were independent negative prognostic biomarkers in multivariate
analyses.

Conclusions—MET amplification/overexpression, assessed by multiple methods, were
associated with worse prognosis in univariate analyses. However, only MET amplification by
FISH and Met expression by SRM were independent prognostic biomarkers. Compared with IHC,
SRM may provide added benefit towards informed decisions about Met-targeted therapy.

Introduction

The Met receptor tyrosine kinase (c-Met or hepatocyte growth factor (HGF) receptor), is a
single-pass transmembrane receptor that undergoes homodimerization and activation upon
binding of HGF, its only known ligand.! Numerous signaling pathways are activated by
interaction of HGF/Met?; thus, Met plays a critical role in many biological functions ranging
from embryogenesis to wound healing. Mechanisms for Met-induced oncogenesis include
constitutive activation of the kinase domain and/or dysregulated paracrine and/or autocrine
signaling.134 The underlying activating mechanism typically involves MET gene
amplification, Met and/or HGF protein overexpression, or, rarely, domain-specific sequence
mutations/translocations,?3 including the more recent observation of Met exon 14 skipping
mutations in non-small cell lung cancer.>8

Aberrant Met activity has been ubiquitously reported across cancers.127:8 For GEC, MET
amplification and Met protein overexpression range between 4-10% and between 25-70% of
GEC cases, respectively, depending on the definition of positive.216 As with other
malignancy types,17:18 patients with Met-positive GEC (as defined by various criteria) have
reportedly worse prognoses.10:12.15.16,19-21 Gjyen the clinical impact and relevance of Met,
diagnostic determination of its expression and/or mutational/amplification status can provide
physicians with critical information to understand patient prognosis, identify clinical trials
for which the patient may be a candidate and, importantly, to make a determination as to
whether the patient may benefit from Met-targeted therapies.

This study sought to further evaluate Met’s prognostic potential from a large multi-
institutional, clinically-linked cohort of GEC patients and to compare various diagnostic
platforms for identifying Met-positive tumors. Fluorescence /n situ hybridization (FISH) and
immunohistochemistry (IHC) were utilized to examine the frequency of MET gene
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amplification and Met protein overexpression, respectively. Due to the inherent limitations
with FISH (time-consuming, labor-intensive, subjective scoring) and IHC (variability in
tissue staining, lack of intra-sample reproducibility over time, subjective scoring), mass
spectrometry-based selected reaction monitoring (SRM)11:22 was also used to objectively
quantitate Met protein expression.1! The relationship between METIMet status and OS was
assessed, using all three approaches in both univariate and multivariate analyses adjusting
for known prognostic covariates of GEC. Additionally, the data from METFISH, Met IHC,
and Met SRM were compared for inter-method agreement.

Materials & Methods

Patients and samples

Formalin-fixed, paraffin-embedded (FFPE) gastroesophageal adenocarcinoma samples were
obtained from the University of Chicago (lllinois) or the Universita di Urbino (Urbino, Italy)
from 2000 to 2015. Samples were collected/annotated under IRB approval protocols.
Median follow-up time was 113.0 months (80% CI 99.3-126.3); median follow-up times for
patients with and without curative intent surgery were 115.3 months (80% CI 99.3-129.0)
and 31.6 months (80% CI 14.5-31.6), respectively. Clinical/pathologic characteristics of the
samples are in Supplemental Tables 1 and 2.

MET Analysis

Dual-color MET FISH assay was conducted using the MET IQFISH Probe with centromere
enumeration probe for chromosome 7 (CEP7) (Agilent Technologies, Santa Clara, CA) and
Histology FISH Accessory Kit (DAKO North America, Carpinteria, CA), scoring as
previously described.11:23.24 Average MET gene copy number =5, ratio (METICEP?) 22,
and =10% of counted tumor nuclei with =15 gene copies were three amplification scoring
criteria considered positive.24:25

Met IHC was performed using HRP-labeled dextrose-based polymer complex bound to
secondary antibody (DAKO North America) as previously described.?1:26 Intensity of cell
membrane staining scored by experienced pathologist (0 none, 1 low, 2 intermediate, or 3
high), along with the percentage of tumor cells (extensity) for each sample were
documented.1121 The “Membrane Max Intensity” parameter of a given tumor was obtained
from the highest IHC score that had a non-zero percentage of staining. For example, if a
tumor had a score breakdown of 10%/65%/25%/0% (for scores of 0/1/2/3, respectively), the
Membrane Max Intensity was “2”. The “Predominant Score” parameter was obtained by the
highest percentage positive score; in the provided example, this was “1”. IHC was defined as
positive if 225% of tumor cell membranes stained =1+ intensity; a second analysis was also
performed at a higher extensity of =50% of cells >1+.21.26 Pathologists conducting FISH
and IHC were blinded to results of previously performed assays and clinical outcomes.

For Met protein quantification by mass spectrometry-based SRM, tissue sections (10 um)
were prepared as previously described.11:22:27 This tumor tissue was solubilized using
Liquid Tissue® and the resulting tryptic peptides were analyzed using a TSQ Vantage triple
quadrupole mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with a
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nanoAcquityLC system (Waters, Milford, MA). The SRM conditions have been
described.11:22

Statistical Methods

Results

Spearman’s rank correlation coefficient was used to assess correlations between parameters.
Cox proportional hazards models and Kaplan-Meier estimates were applied to explore
relationships between Met, overall survival, and other clinical and pathologic characteristics.
Multivariate analysis was conducted on Met biomarker status (amplification by FISH,
expression by IHC, expression by Met-SRM) and outcome after adjusting for baseline
covariates including: age, sex, race, histology, biopsy, diagnosis, stage, lesion status, curative
intent surgery, and perioperative therapy.

Of the 447 samples available, 344 (77.0%) were evaluable by METFISH, 332 (74.3%) by
Met IHC and 282 (63.1%) by Met SRM (Table 1). Inter-method correlations were performed
using tumors evaluable by more than one approach (discussed in further detail below).
Comparison of single-method subsets by patient demographic and clinical characteristics
indicated a balanced representation of each subset (Supplemental Tables 1 and 2).

When MET gene amplification was defined as a ratio of METICEP7 per cell 2,11 16/344
(4.7%) tumors were MET amplified (Supplemental Table 3). When scored using the
percentages of tumor cells with mean MET gene copy number [GCN] 25,12 18 (5.2%)
tumors were amplified. When defined as having =210% of tumor cells with at least 15 copies
of MET, 9 (2.6%) tumors were amplified. These results were similar to previously published
rates of MET gene amplification in GEC.9-11.13.26

Regardless of the definition of amplification, MET FISH was an indicator of poor prognosis
in univariate analyses. Amplification-positive patients exhibited increased risk of death
(Figure 1A), and the median OS of non-amplified patients was much longer than that of
patients with METICEP7 =2 (68.7 months vs. 17.8 months, p<0.0001; Figure 1B), mean
MET GCN =5 (68.7 months vs. 28.4 months, p<0.0007; Figure 1C), or having =10% of
tumors with =15 copies of MET (59.4 months vs. 17.8 months, p<0.0001; Figure 1D). Using
the METICEP7 ratio and adjusting for numerous baseline covariates (age, sex, race,
histology, biopsy, diagnosis, stage, lesion status, curative intent surgery, and perioperative
therapy), MET amplification (FISH ratio >2) was independently prognostic of OS (HR 2.55,
95% CI 1.27-5.09, p<0.008) when compared to a ratio <2 (Figure 2).

By IHC, 273/332 (82.2%) samples exhibited Met expression at any intensity (intensity score
of =1+) and any extensity (percentage of tumor cells positive) level; Supplemental Table 4).
When Met IHC positivity (combined percentages of cells that were positive for Met
expression at 1+, 2+, and 3+) was slightly more restrictively defined as any staining intensity
>1+ in either >25% or =50% of tumor cells1121.26 117 (35.2%) and 43 (13.0%) samples
scored positive, respectively.

Cancer. Author manuscript; available in PMC 2018 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Catenacci et al.

Page 5

Increased expression of Met protein by IHC was also indicative of poor prognosis in GEC in
univariate analysis. Met IHC-positive patients exhibited worse prognosis, and there was a
general upward trend in HR with increasing IHC extensity staining (Figure 3A). Patients
whose tumors had =25% positive membrane staining at =1+ intensity (predefined cut-offs)
experienced shorter OS than patients with lower staining levels (54.2 months vs. 78.4
months; HR 1.39; 95% CI 1.04-1.86, p=0.025). The survival difference between patients at
the =50% positive membrane staining extensity criterion was slightly greater (43.2 months
vs. 78.2 months HR 1.62; 95% CI 1.10-2.28, p=0.013) (Figures 3B and 3C). However,
multivariate analysis adjusting for known prognostic covariates indicated Met IHC, by these
two definitions of positivity, was not an independent marker of prognosis (p=0.36; Figure
3D).

Using mass spectrometry-based SRM, 231/282 samples (81.9%) had Met levels below the
lower limit of quantitation of 200 amol/ug (Supplemental Table 5). Protein concentrations in
the remaining 51 samples (18.1%) ranged from 200-3245.5 amol/ug.11:27 Using previous
established expression levels in an independent cohort,}1 and minimum p-value and hazard
modeling, 400 amol/ug was tested and established as the cut-off for ‘Met-positive’
expression, as this value was determined to have the most significant effect on OS (Figure
4A). As such, 22 tumors (7.8%) were classified as Met-positive in this study. The median
OS for patients above this cut-off was significantly shorter than for their Met-negative
counterparts (22.6 months vs 59.4 months, p=0.0258; Figure 4B). After adjusting for
covariates, patients with Met expression =400 amol/ug exhibited significantly higher risk for
death (HR 1.85; 95% CI 1.04-3.30) (Figure 4C).

FISH and SRM results were assessed for correlation with the clinicopathologic variables
listed in Supplementary Table 1. FISH amplification was associated with esophageal
primary location (16.3%) compared to distal gastric (3.7%), and Met-SRM >400amol/ug
was associated with higher tumor stage (111/1V) (Supplementary File 1). There were no other
statistically significant correlations observed.

FISH, IHC, and SRM results were also assessed for cross-method sensitivity and specificity,
using subsets of tumor samples that were analyzed by multiple methods (Table 1). Using
MET:CEP7 =2 as the reference, Met IHC at the >25% staining cut-off was 80% sensitive
(12/15 FISH-positive samples identified) and 69.2% specific (200/289 negative samples
identified) for MET amplification by FISH (Figure 5A), with a significant correlation (p
<0.0001). Using SRM at =400 amol/pg as the reference, Met IHC exhibited 68.8%
sensitivity (11/16 Met SRM-positive samples identified) with 68.5% specificity (146/213
Met SRM-negative samples) (p = 0.002; Figure 5B). Finally, when compared to MET.CEP7
>2, SRM (=400amol/pg) identified 5/13 MET-amplified tumors (38.5% sensitivity) and
230/242 non-amplified tumors (95.0% specificity), with a significant correlation between the
2 methods (p <0.001; Figure 5C). Thus, although both Met IHC and Met SRM correlated
with MET FISH, they were relatively insensitive to discern MET FISH amplification status
in this study. Additionally, although in a very limited subset, applying a previously-defined
cut-off of 1500 amol/pg!? resulted in a Met SRM specificity of 100% for identifying MET
amplification (no negative FISH samples being identified within this high Met-positive SRM
cut-off).
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Discussion

This study evaluated Met as a prognostic biomarker for GEC, contrasting technical methods
of FISH, IHC, and SRM, and assessing various criteria for defining genomic or proteomic
positivity. Moreover, an association of each of these methods/definitions with clinical
outcome was evaluated, as univariate and covariate adjusted analyses. The findings are
consistent with some smaller studies demonstrating similar concordance patterns between
Met SRM and IHC and/or FISH,1! and comparable adverse prognosis in univariate analysis
when the Met biomarker (FISH, IHC, or SRM) was positive.10:12.15.21 Notably, the findings
are unique to demonstrate independently worse prognosis of amplification as determined by
FISH ratio and overexpression by SRM, after adjusted multivariate analysis; in contrast, IHC
using currently-applied positivity criteria was not an independent prognostic biomarker.26

Numerous complexities contribute to determining the strength of Met as a predictive and/or
prognostic biomarker; these can often be associated with lack of consensus of a diagnostic
assay (FISH, Next-Generation Sequencing (NGS), IHC, and SRM), and varying reported
incidence rates of, and thresholds for, Met positivity (Supplemental Table 6). In this study
we assessed the prognostic value of MET amplification by FISH and Met expression by IHC
and SRM, without consideration of their predictive value for benefit of anti-Met therapy, or
of other emerging prognostic/predictive Met biomarkers including MET mutations and/or
exon 14 skipping, HGF aberrations, or Met aberrations within circulating tumor cells or
circulating tumor DNA5.6:12,28-33

Generally, MET amplification denotes increased GCN, is considered a genomic driver of the
tumor, and results in extreme overexpression of the Met protein.11-14 However, with respect
to amplification and consequent overexpression, the degree of amplification is important to
consider — low level amplification (e.g., MET:CEP7, 3:1.5 = 2) generally does not correlate
with extreme overexpression of the protein (Supplemental Table 6). This was previously
demonstrated with FISH ratio and SRM expression evaluated both as linear variables,
compared to a binary FISH ratio of >2.11 This is also quite analogous to HERZ2
amplification, as recently described.2” Therefore, the ease of categorizing to binary subsets
(= or < 2 ratio) should be weighed against the weaker observed correlation with expression
when combining higher and lower FISH ratios within one category. This may have
implications regarding the strength of FISH as a prognostic and predictive biomarker.
Ultimately, targeted therapies inhibit proteins, therefore excluding patients with gene
amplification (low-level) that lacks resulting overexpression, may enrich for the cohort most
likely to benefit. Regardless, the rates of MET amplification in this study by FISH ratio =2
(4.7%), FISH GCN =5 (5.2%), and FISH GCN =15 in >10% of cells (2.6%) were consistent
with rates previously reported,®11:13.15 and were the poorest prognostic factors amongst the
MET biomarkers evaluated. This is intuitive given that when amplified, MET is the driver
oncogene portending significant metastatic and aggressive tumor behavior. In this setting
Met is exceptionally overexpressed, several-fold higher than Met-expressing tumors in the
absence of gene amplification.1! Although a lower cut-off by SRM of =400 amol/ug (set to
define “‘overexpression’, not amplification) had low accuracy in discerning MET
amplification by FISH, the predefined level of 21500 amol/ug did show 100% specificity (in
a small cohort analyzed both by FISH and SRM analysis). This level of 21500 amol/ug has
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consistently demonstrated excellent accuracy in identifying truly cluster MET-amplified
tumors.11 However, when heterogeneous MET amplification is present within a sample,
FISH identified the amplified areas, while SRM represented the aggregate Met expression
level of the entire tumor, resulting in lower-than-expected expression levels of a
homogenously-amplified tumor (Supplemental Figure 1).11

In contrast to amplification, Met protein overexpression determined by IHC or SRM
includes the small subset with overexpression due to gene amplification, but consists mainly
of expression without amplification. The incidence of Met overexpression depends on the
lower limit set for positivity. Indeed, the rate reportedly varies widely from 24-70%, in part
due to variability of this lower limit, along with other analytic variables associated with IHC,
the assay typically used for Met expression. Previously described, Met SRM was more
objective compared to IHC, and correlated better with FISH ratio and GCN values.!! This
was confirmed in this study; Met overexpression, as determined by SRM, accounted for
18.1% of samples at any level above the lower limit of detection (=200 amol/ug), and 7.8%
of samples at the predefined threshold of =400 amol/ug. In contrast, 82.2% of samples in
this study demonstrated any positivity by IHC, and 35.2% or 13% by any staining intensity
(=1+ intensity in =25% or =50% of tumor cells, respectively). Interestingly, a recent phase
I11 trial, RILOMET-1, reported a Met positivity rate of 81%, compared to the phase Il rate of
64%, with the DAKO IHC criteria (=1+ intensity in = 25% extensity), suggesting inter-study
variability even when using the same IHC antibody and scoring.21:26 In addition to observed
variability between the two rilotumumab trials using the DAKO antibody, it is also possible
that the rate of Met positivity differs between locally-advanced disease and metastatic
disease, as well as primary tumor versus metastatic biopsies.

In this study, although IHC was associated with poor prognosis in univariate analysis, this
did not persist after adjusting for other prognostic covariates. Low-level expression of Met
may be associated with these poor prognostic covariates, yet not independently associated
with outcome upon adjusting. In contrast, extreme overexpression as a consequence of MET
amplification or by SRM (determined here =400 amol/ug) in the absence of MET
amplification remained prognostic after adjusting for other variables.

Finally, Met may be a negative predictive biomarker for standard cytotoxic therapies, 1534
and a positive predictive biomarker for Met-directed therapies, particularly when selecting
for MET amplification.13-1535.36 However, all trials to date selecting for MET amplification
have been open-label, single-arm trials — undoubtedly due to the low incidence of MET
amplification, aggressive tumors with quickly progressing clinical course, and difficulty
accruing towards proper randomization. Given the putative negative prognosis rendered by
MET amplification, single-arm trials may underestimate the benefit of anti-Met therapies if
this overall poor baseline prognosis is not considered. On the other hand, despite early
evidence of predictive value of anti-Met therapy for tumors that overexpress Met
(irrespective of GCN/amplification status),21:23 two recent phase 111 trials, RILOMET-1
(with rilotumumab anti-HGF antibody) and METGastric (with onartuzumab anti-Met
antibody), both failed to meet their primary endpoints in “Met-positive” patients, as
determined by two different IHC methods.26:37 Although it is quite plausible that Met
inhibition, in the setting of Met overexpression lacking amplification, is not sufficient to
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improve outcome (i.e., a negative prognostic biomarker is not by default also a positive
predictive biomarker to a targeted therapy), there is also potential that the positivity criteria
was too lenient. The phase | patient that responded to onartuzumab monotherapy, 23 was
later found to have expression at 526.93 amol/ug.1! Indeed the positivity rate in
RILOMET-1 [=1+ intensity, 225% extensity] was 81%, with only 21% of patients (71
patients with rilotumumab versus 57 patients with placebo) having higher level expression
[>2+ intensity, =50% extensity].28 In fact, in the METGastric trial, a predefined subset
analysis (IHC =2+ intensity, =50% extensity) suggested improved overall survival with HR
0.64 (p=0.06) with 105 and 109 patients in the onartuzumab versus control arms,
respectively, or 38% of all enrolled patients. Given that the trial closed early at only 70% of
the intended accrual (562/800), the intended power to detect a HR of 0.49 in the higher-
expressing subset was compromised; moreover, if the more likely true HR is 0.6-0.8, the
trial was significantly underpowered to detect this true benefit. Unfortunately, given that
METGastric, and even more so RILOMET-1, did not have sufficient power to evaluate the
benefit in those samples/patients with higher expression cut-offs, they do not provide
guidance for this select patient population. Coupling these results with inherent limitations
associated with IHC (antigen dependency, variability in tissue staining, lack of temporal
reproducibility, subjective scoring of positive staining) suggests the technique may not be a
definitive method for identifying patients likely to respond to Met-targeted therapy.
Regardless, it is clear that low-level Met expression, or worse, treatment of all-comers with
no selection, does not predict benefit to anti-Met agents,26:37.38

In summary, METFISH and Met SRM were independently associated with poor prognosis
in this large cohort of GEC patients, while Met IHC at currently applied positivity cut-offs
was not independently associated with outcome. SRM is a novel technology demonstrating
clinical utility with Met and Her2,11.27.:39 additionally having the advantage of multiplex
peptide analysis,2 analogous to NGS for genomic aberrations. The results of this study
suggest that amplification by FISH and/or overexpression by SRM should be incorporated
into multivariate models when assessing the prognostic significance of other novel
covariates. Moreover, amplification and overexpression as determined by FISH and SRM
may better direct treatment, and in particular Met-targeted therapies for GEC, principally in
the setting of next-generation clinical trial designs.4°

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Condensed Abstract

In a large study, MET gene amplification and/or protein overexpression, as assessed by
various assays, were associated with poor prognosis in univariate analyses. However,
only MET amplification by FISH and Met expression by Selected Reaction Monitoring
(SRM) Mass Spectrometry were independent prognostic biomarkers; compared with
immunohistochemistry, SRM may provide added benefit towards informed decisions
about Met-targeted therapy.
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Figure 1. Patient risk and overall survival as assessed by MET FISH status
A, Cox proportional hazards model evaluation of FISH classification on overall survival.

Hazard ratios are depicted (with 95% CI) for MET-amplified tumors compared to non-
amplified tumors, as characterized by 3 separate criteria. B-D, Kaplan-Meier curves
depicting overall survival of subjects with MET-amplified tumors vs. non-amplified tumors,
as characterized by MET:CEP7 ratio (B), average gene copy number (C), and percentage of
tumor cells containing at least 15 copies of MET (D).
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Figure 2. MET amplification isan independent indicator of overall survival
Cox proportional hazards model evaluation of FISH classification on overall survival, using

multivariate analysis and MET:CEP/7 ratio as the FISH characterization approach. Hazard
ratios for each baseline covariate are depicted (with 95% ClI).
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Figure 3. Patient risk and overall survival as assessed by Met IHC expression
A, Cox proportional hazards model evaluation of IHC classification on overall survival.

Hazard ratios (with 95% CI) comparing Met-positive to Met-negative patients at each cut-off
value are depicted. B, C, Kaplan-Meier curves depicting overall survival of subjects by Met
IHC status, using cut-offs of 25% (B) and 50% (C). D, Cox proportional hazards model
evaluation of IHC status on overall survival, using multivariate analysis and 25% staining as
the Met-positive cut-off. Hazard ratios for each baseline covariate are depicted (with 95%
Cl).
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Figure 4. Patient risk and overall survival as assessed by Met SRM expression
A, Cox proportional hazards model evaluation of Met SRM quantitation on overall survival.

Hazard ratios (with 95% CI) comparing Met-positive to Met-negative patients at each cut-off
value are depicted. The number of MET-amplified tumors present within each Met-positive
cut-off group is represented. B, Kaplan-Meier curves depicting overall survival of subjects
by Met SRM expression, using 400 amol/ug as the Met-positive cut-off. C, Cox proportional
hazards model evaluation of Met SRM expression on overall survival, using multivariate
analysis and 400 amol/ug as the Met-positive cut-off. Hazard ratios for each baseline
covariate are depicted (with 95% ClI).
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Figure5. Correlation of MET/MET analytical approaches

MET gene amplification results were compared to Met IHC (A) and SRM (C) cut-off-
derived protein expression; the correlation between Met IHC and Met SRM was also

examined (B).
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