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SUMMARY

This study evaluates the efficacy of combining targeted therapies with MET or
SHP2 inhibitors to overcome MET-mediated resistance in different NSCLC
subtypes. A prevalence study was conducted for MET amplification and overex-
pression in samples from patients with NSCLC who relapsed on ALK, ROS1,
or RET tyrosine kinase inhibitors. MET-mediated resistance was detected in
37.5% of tissue biopsies, which allow the detection of MET overexpression,
compared to 7.4% of liquid biopsies. The development of drug resistance by
MET overexpression was confirmed in EGFRex19del-, KRASG12C-, HER2ex20ins-,
and TPM3-NTRK1-mutant cell lines. The combination of targeted therapy with
MET or SHP2 inhibitors was found to overcome MET-mediated resistance in
both in vitro and in vivo assays. This study highlights the importance of consid-
ering MET overexpression as a resistance driver to NSCLC targeted therapies
to better identify patients who could potentially benefit from combination
approaches with MET or SHP2 inhibitors.

INTRODUCTION

Targeted therapies have become a standard treatment for oncogene-driven non-small cell lung cancer

(NSCLC),1,2 with epidermal growth factor receptor (EGFR) mutations and anaplastic lymphoma kinase

(ALK) rearrangements being the most commonly targeted molecular alterations.3–7 Despite the initial

clinical benefit to targeted therapies, most patients have an incomplete response and eventually acquire

resistance. Resistance mechanisms include secondary alterations in the respective molecular target or

bypass activation of other oncogenic pathways.2

Activation of the MET proto-oncogene, receptor tyrosine kinase (RTK) (MET) pathway by gene amplifica-

tion constitutes an established and frequent resistance mechanism to EGFR tyrosine kinase inhibitors

(TKIs).8 A variety of compounds targeting the MET receptor have been developed, such as the highly

selective and potent ATP-competitive TKIs tepotinib9 and capmatinib.10 Prospective evaluation of

combination therapies with osimertinib for patients with MET-mediated resistance is ongoing. The savoli-

tinib plus osimertinib combination is being assessed in the phase II SAVANNAH study11 and the phase III

SAFFRON study (ClinicalTrials.gov identifier: NCT05261399), while the tepotinib plus osimertinib

combination is being evaluated in the INSIGHT2 study.12

Beyond EGFR-mutant tumors,13 MET amplification has also been identified as a resistance driver to other

targeted therapies in oncogene-driven NSCLC, including KRASG12C14,15-, HER216-mutant, as well as,

ALK17-, ROS118,19-, and RET20-rearranged tumors. Although no studies on resistancemechanisms to neuro-

trophic tropomyosin receptor kinase (NTRK) inhibitors in patients with NSCLC at progression have been

published so far, the acquisition of resistance byMET is highly probable as it has been observed in a patient

with NTRK-rearranged cholangiocarcinoma.21

The cytoplasmic tyrosine phosphatase Src homology 2 domain-containing phosphatase 2 (SHP2), encoded

by the PTPN11 gene, is a key component of the RAS/RAF/ERK, PI3K/AKT and JAK/STAT pathways and

transduces signaling from various RTKs to promote RAS activation and subsequently cell proliferation, dif-

ferentiation, and survival.22 Several allosteric SHP2 inhibitors, including TNO15523 (ClinicalTrials.gov
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identifier: NCT03114319), are currently undergoing clinical evaluation and preclinical studies have shown

that they can overcome resistance to MET,24 EGFR,25 and MEK inhibitors.26

In the present study, we evaluate the effect of combining targeted therapies with MET or SHP2 inhibitors

after occurrence of MET-mediated resistance in different molecular subtypes of NSCLC.

RESULTS

MET amplification and overexpression after relapse on targeted therapies in NSCLC with

ALK, ROS1, or RET rearrangements

Although MET amplification has been described as a bypass resistance mechanism to targeted therapies,

there are limited data on MET mRNA levels and MET protein expression and phosphorylation in this

setting. Consequently, we conducted a prevalence study of MET copy numbers, mRNA levels, as well as

MET protein expression and phosphorylation in tumor or cytological biopsies (TBx) and liquid biopsies
A

B

Figure 1. Frequency ofMET amplification andMET overexpression in 28 patients with NSCLC who had disease progression on ALK (n = 15), ROS1

(n = 8) or RET (n = 5) tyrosine kinase inhibitors (TKIs) (refer to Table S1 for details)

(A) Left: Pie chart visualizing the frequency ofMET amplification or on-target ALK/ROS1mutations as potential resistance mechanisms to ALK, ROS1 or RET

TKIs in 27 patients with liquid (blood, pleural effusions, cerebrospinal fluids) biopsies (LBx) available. Patients P6 and P27 tested positive for MET

amplification. Right: Pie chart visualizing the frequency ofMET amplification, MET overexpression or on-target ALK/ROS1mutations as potential resistance

mechanisms to ALK, ROS1 or RET TKIs in 8 patients with tumor or cytological biopsies (TBx) available. Patients P24 and P27 tested positive for MET

amplification (P24 also showed MET overexpression) and patient P26 tested positive for MET overexpression without MET amplification.

(B) FISH and IHC analyses of patients P24 and P26 progressing on TKIs presumably by MET alterations. Left: patient P24 harbored an ALKv1-rearranged

NSCLC relapsing on lorlatinib and had MET amplification. Right: patient P26 harbored a CD74-ROS1-rearranged NSCLC relapsing on crizotinib and had

MET overexpression without MET amplification. As indicated in the images, scale bars refer to 5, 100 and 200 mm, respectively.
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(LBx) from 28 patients with NSCLC who had disease progression on ALK (n = 15), ROS1 (n = 8) or RET (n = 5)

TKIs. For 20 patients only LBx were available, for one patient only a TBx was available and for the remaining

seven patients both TBx and at least one LBx were available (blood, cerebrospinal fluid, or pleural effusion)

(Table S1). MET amplification was analyzed by next generation sequencing (NGS) and fluorescence in situ

hybridization (FISH), MET mRNA levels were determined by nCounter, while MET protein expression and

phosphorylation were investigated by immunohistochemistry (IHC). In LBx, MET amplification was de-

tected by NGS in 2/27 (7.4%) patients (Figure 1A and Table S1). Both patients (P6 and P27) had ALK-rear-

ranged tumors (variant 1 and 3) and relapsed on lorlatinib. In TBx, MET alterations were detected in 3/8

(37.5%) patients (Figure 1A and Table S1). Two of them (P24 and P27) had ALK-rearranged NSCLC (variant

1) progressing on lorlatinib and had MET amplification by NGS, with patient P24 also displaying MET

mRNA overexpression by nCounter, as well as MET protein overexpression and phosphorylation by IHC.

Patient P27 had MET amplification also detected in LBx (pleural effusion), while in patient P24 the LBx

(blood) result was negative forMET amplification. The third patient (P26) had a CD74-ROS1-rearranged tu-

mor progressing on crizotinib and had MET mRNA overexpression by nCounter, as well as MET protein

overexpression by IHC without MET amplification (Figure 1B).

Our prevalence study demonstrates a higher percentage of MET-mediated resistance to targeted thera-

pies detected in TBx (37.5%) than in LBx (7.4%). Nonetheless, the ease of LBx in clinical practice at the

time of resistance needs to be acknowledged as seen by the fact that 27/28 patients had LBx to analyze.

However, the detection of MET amplification is frequently missed and can be detected in TBx. Moreover,

the use of TBx also allows the analysis of MET overexpression that can help further identify patients with a

MET-mediated mechanism of TKI resistance who may benefit from MET TKI treatment.
Generation of cell line models with MET-mediated resistance to targeted therapies

To explore the functional role of MET overexpression in a defined genetic background of oncogene-driven

NSCLC, we generated stable cell lines using lentiviral transduction in which the wild-type MET protein can

be dynamically overexpressed in a doxycycline-inducible manner (tetON-MET cells). Five NSCLC cell lines

(EGFRex19del-mutant: HCC827, KRASG12C-mutant: NCI-H358, HER2ex20ins-mutant: NCI-H1781; EML4-ALK-

mutant: NCI-H2228, SLC34A2-ROS1-mutant: HCC-78) and one colorectal cancer cell line (TPM3-NTRK1-

mutant: KM12) were selected as model systems. Overexpression of the 170 kDa immature pro-MET protein

could be confirmed in all cell lines by Western blot (Figure 2A). It has been reported that cleavage of the

pro-MET protein into the 50 kDa a-subunit and the 145 kDa b-subunit may not be required for receptor

activity, as the uncleaved precursor protein is still constitutively active.27 Likewise, increased phosphoryla-

tion at Y1234/1235 of the pro-MET protein could be detected in all MET-overexpressing cells, suggesting

that MET overexpression is sufficient for MET-receptor self-activation. To exclude fetal calf serum (FCS)-

dependent activation in the MET-overexpressing cells, KM12 cells were analyzed in the absence of FCS

(Figure S1A). Doxycycline treatment led to a strong enhancement of the activating phosphorylation site

Y1234/1235 of the pro-MET protein independently of FCS supplementation, further suggesting self-activa-

tion of the MET receptor by MET overexpression.

Next, we examined the effect of MET overexpression on resistance development by treating all cells with

their corresponding targeted therapies (Figure 2B). The EGFR inhibitor osimertinib, the KRASG12C inhibitor

sotorasib, the HER2 inhibitor poziotinib, the ALK inhibitor alectinib and the NTRK-/ROS1 inhibitor entrec-

tinib were used.While the cells without MET overexpression were sensitive to their corresponding targeted

therapy, doxycycline-induced MET overexpression caused resistance to osimertinib and sotorasib in

HCC827 and NCI-H358 cells, respectively. In NCI-H1781 and KM12 cells, a partial resistance development

to poziotinib and entrectinib, respectively, could be observed. In contrast, MET overexpression did not

alter the sensitivity of NCI-H2228 and HCC-78 to alectinib and entrectinib, respectively. We also tested

whether a higher MET overexpression, achieved by an increased lentiviral multiplicity of infection (MOI),

would confer alectinib resistance in NCI-H2228 cells. However, although the cells displayed increased

levels of MET protein and phosphorylation, they did not become resistant (Figure S1B). Changes in drug

sensitivity by the lentiviral transduction could be excluded by comparing the cell growth behavior of trans-

fected cells in the absence of doxycycline to their parental cell lines (Figure S2A).

In line with the viability assay results, only HCC827, NCI-H358, NCI-H1781, and KM12 cells demonstrated

morphological changes upon MET overexpression (Figure S2B). While their counterparts without MET
iScience 26, 107006, July 21, 2023 3
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HCC827 tetON-MET NCI-H358 tetON-MET KM12 tetON-METNCI-H1781 tetON-MET

Figure 2. MET overexpression causes resistance to osimertinib, sotorasib, poziotinib, and entrectinib

(A) The indicated tetON-MET cells were induced with doxycycline for 48 h before lysis. Western blot analysis was performed with the indicated antibodies.

(B) Cells were cultured with doxycycline for 24 h before being treated with the respective targeted therapies. Cellular viability was measured six days from

treatment onset. Data are represented as mean of n = 3 G SD.

ll
OPEN ACCESS

iScience
Article
overexpression grew in defined epithelial clusters, MET-overexpressing cells exhibited a mesenchymal

spindle-like cell shape with single cell movement.
MET or SHP2 inhibitors revert MET-mediated resistance in vitro

Next, we explored whether direct targeting of MET or the simultaneous blockade of various RTKs by inhi-

bition of SHP2 can overcome the MET-mediated resistance. We analyzed the response of the four cell lines

recapitulating MET-driven resistance (HCC827, NCI-H358, NCI-H1781, KM12) upon treatment with their

respective targeted therapies combined with the MET inhibitor tepotinib or the SHP2 inhibitor TNO155

by Western blot. Upon single-treatment with osimertinib or sotorasib stronger phosphorylation of AKT,

ERK, and STAT3 could be observed in the MET overexpressing HCC827 and NCI-H358 cells, respectively,
4 iScience 26, 107006, July 21, 2023
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Figure 3. The combination of targeted therapies with tepotinib or TNO155 decreases MAPK/PI3K downstream signaling more potently than

either of the agents alone

(A) HCC827 tetON-MET and NCI-H358 tetON-MET, as well as (B) NCI-H1781 tetON-MET and KM12 tetON-MET cells were induced with doxycycline for 48 h

before they were treated with the respective inhibitors and combinations for 6 h. Western blot analysis was performed with the indicated antibodies.
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compared to the cells with endogenous MET expression (Figure 3A). These results indicate remaining

MAPK/PI3K downstream signaling upon treatment with the targeted therapies in the MET-overexpressing

cells and support the observation of resistance development. In both MET-overexpressing cell lines, the

combination of the targeted agent with either tepotinib or TNO155 decreased AKT and ERK phosphory-

lation more potently than either of the agents alone, suggesting reversion of the MET-driven resistance.

The phosphorylation of STAT3 increased upon SHP2 inhibition, since SHP2 is known to negatively regulate

STAT3 activity.28 MET overexpressing NCI-H1781 and KM12 cells also displayed stronger phosphorylation

of AKT, ERK and STAT3 upon single-treatment with poziotinib and entrectinib, respectively, than the cells

without MET overexpression (Figure 3B). However, the effect was not as pronounced as in HCC827 and

NCI-H358 cells, in which the targeted therapy nearly abolished ERK phosphorylation in the cells without

MET overexpression but only resulted in aminor decrease of ERK phosphorylation in theMET-overexpress-

ing cells (Figure 3A). This is in line with the partial development of MET-driven resistance in NCI-H1781 and

KM12 compared to HCC827 and NCI-H358 cells. Yet, combination treatment of poziotinib and entrectinib
iScience 26, 107006, July 21, 2023 5
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Figure 4. MET or SHP2 inhibitors revert MET-mediated resistance in vitro

The indicated tetON-MET cells were cultured with doxycycline for 24 h before they were treated with the indicated targeted therapies and combinations.

(A) The cell lines were analyzed in 6-day viability assays. Data are represented as mean of n = 3 G SD.

(B) The cell lines were analyzed in two week colony formation assays.

ll
OPEN ACCESS

iScience
Article
with tepotinib or TNO155 in MET overexpressing NCI-H1781 and KM12 cells decreased the phosphoryla-

tion of ERK stronger than either of the inhibitors alone. Thus, the Western blot data suggest that the com-

bination of targeted therapies with MET or SHP2 inhibitors could be efficacious in overcoming MET-medi-

ated resistance.

Next, we analyzed the viability of the cell lines recapitulating MET-driven resistance upon combination

treatment of the respective targeted therapy with the MET inhibitors tepotinib and capmatinib or with

the SHP2 inhibitors M674824 and TNO155 (Figures 4A and S3). As already suggested by the pathway

phosphorylation analyses, the combination of osimertinib, sotorasib, poziotinib, and entrectinib with either

MET or SHP2 inhibitors were efficacious in reverting the MET-mediated resistance. Moreover, synergism

between the targeted therapies and MET or SHP2 inhibitors could be confirmed by combination dose

matrices in MET overexpressing HCC827, NCI-H358, and KM12 cells using the Loewe combination

method29 (Figure S4). Similar results were obtained by colony formation assays (Figure 4B). While the sin-

gle-treatment with the targeted therapies prevented most colony growth of the cells with endogenous

MET, increased colony forming ability was detected in the MET overexpressing HCC827 and NCI-H358

cells. In NCI-H1781 and KM12 cells, MET overexpression only conferred increased colony formation ability

to a small number of cells. Yet, in all cell lines the combination of osimertinib, sotorasib, poziotinib, and

entrectinib withMET or SHP2 inhibitors reduced the colony count of theMET-overexpressing cells stronger

than either of the inhibitors alone.
Tepotinib overcomes MET-mediated resistance in vivo

Finally, we explored whether adding tepotinib to a targeted therapy in vivo can revert MET-mediated

resistance. For this, we selected the KRASG12C-mutant model NCI-H358, in which doxycycline-

induced MET overexpression caused resistance to sotorasib. Mice were subcutaneously injected with

NCI-H358 tetON-MET cells and fed with a doxycycline-containing diet to establish MET overexpressing

KRASG12C-mutant tumors. MET overexpression and induction of MET autophosphorylation upon doxycy-

cline was confirmed in the established xenograft tumors (Figure S5A). Tumor bearing mice were kept on

doxycycline-containing diet during the experiment and were randomized (n = 10/group) to receive once

daily oral treatments of either vehicle control, sotorasib, or tepotinib monotherapy or the combination

of the two compounds for 75 days. Sotorasib and tepotinib monotherapy delayed tumor growth compared

to the vehicle control, but MET overexpression conferred sotorasib resistance with tumor volumes reaching

the humane endpoint after 75 days of treatment (Figure 5A). In contrast, the combination of tepotinib with

sotorasib significantly inhibited tumor growth and resulted in tumor regression in all treated animals

(Figures 5A and 5B). This result is supported by the decrease of ERK and AKT phosphorylation upon tepo-

tinib plus sotorasib combination treatment detected in tumor lysates at the end of the study (Figure S5B).

The combination therapy was well tolerated based on body weight change (Figure 5C) and clinical

symptoms.

DISCUSSION

To date, the best predictive biomarkers for sensitivity toMET inhibitors are theMETex14 skippingmutation

and MET gene amplification.9,30 While METex14 is mostly a primary oncogenic driver, gene amplification

constitutes an established and frequent mechanism of resistance in EGFR-mutant NSCLC.13 Increasing

evidence also suggests dysregulated MET signaling as resistance driver to other targeted therapies,

such as ALK,17 ROS1,18,19 and RET20 TKIs. The observation that acquired resistance to targeted therapies

is oncogene or drug agnostic indicates that MET-driven resistance may potentially occur in patients with

NSCLC who relapse on various targeted therapies.31

Most studies have focused on the detection of MET amplification through FISH or NGS as a resistance

mechanism to TKIs. MET protein overexpression through IHC has also been evaluated, particularly in

earlier resistance studies with mixed results in terms of efficacy,32 but the use of MET mRNA levels is still

quite exploratory.33 The underlying complex machinery of transcription, translation, and protein
iScience 26, 107006, July 21, 2023 7
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Figure 5. Tepotinib overcomes MET-mediated sotorasib resistance in vivo

Antitumor activity and tolerability of sotorasib and tepotinib as mono- and combination therapy was investigated in mice bearing subcutaneous NCI-H358

tetON-MET xenografts. Ten mice were randomized to each treatment. Mice were fed with a doxycycline-containing diet and compounds were applied daily

via oral gavage.

(A) Graph displaying the tumor volumes. Data are represented as mean G SEM.

(B) Waterfall plot showing the relative tumor volume change from baseline in each individual mouse at day of best overall response in combination group

(d42).

(C) Graph displaying the relative body weight change. Data are represented as mean G SEM.
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degradation determining protein abundance34 warrants an extensive evaluation of the different determi-

nants of MET-altered resistance in an effort to be able to identify the largest population that may benefit

from a targeted treatment at the time of TKI progression. In our prevalence study, the detection of MET

amplification in 7.4% of patients tested in LBx is in line with previous studies reporting MET amplification

as a resistance driver in approximately 10% of NSCLC with ALK, ROS1, or RET rearrangements.35 Our TBx

analysis showed a higher prevalence (37.5%) of MET-mediated resistance than what can be detected by

LBx. NGS testing in either TBx or LBx is a valuable method for the detection of the mechanism of resistance

but still has limitations for the detection of MET amplification.12,36 This may be due to transcriptional or

translational enhancement that cannot be detected by NGS. Additionally, low fractions of circulating tumor

DNA (ctDNA) can limit the sensitivity of NGS in LBx, leading to poor concordance with genomic profiling of

TBx. Therefore, negative LBx results should be confirmed with TBx testing.37 Previous reports in the EGFR

mutant setting have shown that low ctDNA content limits NGS sensitivity for detectingMET amplification in

LBx.36

High MET protein levels are not only associated with higher pathological tumor stage and worse prog-

nosis,38 but some evidence suggests that high MET expression and phosphorylation also correlate with

drug sensitivity.39,40 Therefore, our analyses highlight the need to consider MET overexpression, besides

MET amplification, as a resistance driver to better identify patients potentially benefiting from combination

treatments and prioritize tissue biopsies compared to plasma. The SAVANNAH study has shown clinically

relevant efficacy with the combination of the MET inhibitor savolitinib with osimertinib for patients with

EGFR-mutant NSCLC who have developed resistance to osimertinib and have high levelMET amplification

and/or MET overexpression as detected on TBx with FISH and IHC, respectively.11
8 iScience 26, 107006, July 21, 2023
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Nonetheless, future studies with larger sample size from patients with NSCLC who relapsed on ALK, ROS1

or RET TKIs and, at best, paired TBx and LBx are needed for further investigation. Moreover, baseline

biopsies to rule out MET alterations are already present before treatment, and the use of other measure-

ments, such as ELISA for the detection of shed MET41 or whole transcriptome analysis, would provide

detailed insights on the MET status.

Cell line models harboring NSCLC driver mutations and acquired MET-mediated resistance to targeted

therapies are rare, probably because their generation by long-term exposure with targeted agents is

time consuming and random genetic mutations are acquired. For this reason, we generated stable cell

lines in which the wild-type MET protein was artificially overexpressed in a doxycycline-inducible manner

in the defined genetic background of oncogene-driven human cell line models. Resistance development

to the respective targeted therapies by MET overexpression was observed in the EGFRex19del-, and

KRASG12C-mutant cell lines and partially in the HER2ex20ins- and TPM3-NTRK1-mutant cell lines. In contrast

to the findings from Dagogo-Jack et al.,17 we did not observe resistance development by MET overexpres-

sion in the ALK-mutant cell line. One possible explanation could be the choice of different cell line models.

While the NCI-H3122 cells used by Dagogo-Jack and colleagues express EML4-ALK variant 1, NCI-H2228

cells harbor variant 3a/b.42 It has been shown that the EML4-ALK variant 1 displays less protein stability and

therewith greater sensitivity toward ALK inhibitors.43 Moreover, NCI-H3122 cells exhibit stronger epithelial

characteristics than NCI-H2228 cells,44 rendering the latter potentially less susceptible to MET overexpres-

sion. Similarly, the SLC34A2-ROS1-mutant HCC-78 cell line, in which no resistance development by MET

overexpression could be observed, already possesses high MET expression and particularly high MET

phosphorylation in the parental state. In this cell line, MET phosphorylation was not considerably increased

after doxycycline treatment, suggesting saturated MET receptor activity.

Together, these findings demonstrate that MET overexpression causes resistance to targeted therapies in

four out of six tested human cell line models, indicating that the downstream effects of MET overexpression

can vary depending on the oncogenic driver in the cancer cell. Therefore, the observation that MET over-

expression causes resistance to targeted therapies in some oncogene-driven models but not in others sug-

gests that there is heterogeneity in the underlying mechanisms of resistance, which is dependent on the

specific oncogenic driver.

Since strategies combining targeted therapies with inhibitors of components of the ERK/MAPK pathway

could restore drug sensitivity and potentiate therapeutic benefit,2,24 we tested the concept of combining

them with selective MET or SHP2 inhibitors. In addition to supporting the combination efficacy of EGFR

with MET inhibitors already being tested in clinical studies,12,45,46 our data reveal that combinations not

only with specific MET inhibitors but also with SHP2 inhibitors can overcome MET-mediated resistance,

and these findings extendbeyond EGFR-mutantmodels25 to othermolecular NSCLC subtypes. The efficacy

of crizotinib and capmatinib in acquired resistance models of sotorasib has been shown previously.47 How-

ever, our sotorasib-resistant KRASG12C-cell line model demonstrates combination benefit with both MET

and SHP2 inhibitors and, for the first time, the reversion ofMET-driven resistance by tepotinib with sotorasib

could also be shown in vivo. This is of great importance, since there is a high medical need for patients pro-

gressing on KRASG12C inhibitors by MET alterations.14,15 The mechanisms of acquired resistance to pozio-

tinib and entrectinib for patients with NSCLC with HER2ex20ins mutations and patients with solid tumors

harboring an NTRK gene fusion, respectively, remain unclear. Molecular profiling of afatinib-resistant

HER2-mutant NSCLC cell lines suggestsMET amplification as probable resistance driver.16 The publication

by Elamin et al.48 reports thatMET amplification can also serve as amechanism of resistance to poziotinib in

patients withEGFR exon 20-mutantNSCLC. Likewise, Cocco et al. identifiedMET amplification as resistance

mechanism to entrectinib in a patient withNTRK-rearranged cholangiocarcinoma.21 Therefore, to the best

of our knowledge, our study reveals for the first time that MET overexpression causes resistance to pozio-

tinib and entrectinib in HER2ex20ins- and NTRK1-mutant cell line models, respectively, and demonstrates

that combination with MET or SHP2 inhibitors may restore sensitivity to the targeted therapies.

In conclusion, our preclinical models of resistance to osimertinib, sotorasib, poziotinib, and entrectinib

recapitulate MET overexpression as a resistance mechanism to targeted therapies and provide powerful

tools to explore reversion of resistance development. With the use of these model systems, we show the

broad clinical application of MET and SHP2 inhibitors as combination partners to overcomeMET-mediated

resistance. Together with the results of the prevalence study, our data highlights the importance to
iScience 26, 107006, July 21, 2023 9
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consider MET overexpression as a potential resistance driver in oncogene-driven NSCLC to identify the

largest population that may benefit from combination approaches with MET or SHP2 inhibitors after

relapse on targeted therapy.
Limitations of the study

This study has limitations that should be noted. Firstly, the small sample size in our prevalence study of

patients with NSCLC who relapsed on ALK, ROS1 or RET TKIs restricts our ability to perform robust statis-

tical analysis and draw definitive conclusions. Secondly, paired TBx and LBx would be necessary to directly

compare the detection of MET alterations within patients, and the analysis of baseline biopsies would be

beneficial to distinguish between intrinsic and acquired MET-mediated resistance. Thirdly, our preclinical

cell line models are an artificial system with variable MET overexpression levels and thus limited compar-

ison toMET levels in patient samples. However, the focus onMET overexpression as a resistance driver and

the prevention of random mutations from long-term exposures with targeted therapies justified the use of

this approach. Finally, while the choice of a single cell line to represent a specific oncogene-driven tumor

subtype is a limitation in drawing definitive conclusions regarding the role of MET-mediated resistance in

that subtype, our study using six cell lines underscores the importance of considering the context specificity

of MET overexpression as a resistance driver. These findings highlight the need for further investigation of

the mechanisms underlying resistance to targeted therapies across various oncogene-driven tumor

subtypes.

Despite these limitations, our study provides important information for future clinical trials on MET protein

expression as diagnostic biomarker to identify patients with NSCLC who progressed on targeted therapy

and who may benefit from combination strategies with MET or SHP2 inhibitors.
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Viñolas, N., Castillo, S., Muñoz, S., et al.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit anti-phospho-MET, 1:1000 Cell Signaling #3077; RRID:AB_2143884

mouse anti-Met, 1:1000 Cell Signaling #3127; RRID:AB_331361

mouse anti-AKT, 1:1000 Cell Signaling #2920; RRID:AB_1147620

rabbit anti-phospho-Akt (Ser473), 1:1000 Cell Signaling #4058; RRID:AB_331168

mouse anti-STAT3, 1:1000 Cell Signaling #9139; RRID:AB_331757

rabbit anti- phospho-Stat3 (Tyr705)

(D3A7) XP, 1:2000

Cell Signaling #9145; RRID:AB_2491009

rabbit anti-phospho p44/42 MAP

Kinase (Erk1/2), 1:1000

Cell Signaling #9101; RRID:AB_331646

mouse anti-ERK, 1:5000 BD #610123; RRID:AB_397529

mouse anti-GAPDH, 1:50000 Santa Cruz #sc-32233; RRID:AB_627679

goat anti-rabbit Alexa Fluor 680, 1:25000 Thermo Fisher #A21076; RRID:AB_2535736

donkey anti-mouse IRDye 800CW, 1:25000 LI-COR #926-32212; RRID:AB_621847

MET SP44 clone Roche, Mannheim, Germany NA

Chemicals, peptides, and recombinant proteins

alectinib BOC Sciences NA

capmatinib ChemShuttle NA

entrectinib Medchemexpress NA

M6748 The healthcare business of Merck KGaA,

Darmstadt, Germany International Patent

Application Publication No.: WO2020/033828

A1, Example #10b)

NA

osimertinib VWR NA

poziotinib AChemBlock NA

sotorasib Medchemexpress/MedKoo Biosciences NA

tepotinib The healthcare business of Merck KGaA,

Darmstadt, Germany

NA

TNO155 Synthesized at the healthcare business of Merck

KGaA, Darmstadt, Germany

NA

Deposited data

Patient 1 This paper, deposited in NCBI SRA: PRJNA975367 SAMN35325464

Patient 2 This paper, deposited in NCBI SRA: PRJNA975367 SAMN35325465

SAMN35325466

Patient 3 This paper, deposited in NCBI SRA: PRJNA975367 SAMN35325467

Patient 4 This paper, deposited in NCBI SRA: PRJNA975431 SAMN35326201

Patient 5 This paper, deposited in NCBI SRA: PRJNA975431 SAMN35326202

Patient 6 This paper, deposited in NCBI SRA: PRJNA975431 SAMN35326203

SAMN35326204

Patient 7 This paper, deposited in NCBI SRA: PRJNA975431 SAMN35326205

Patient 8 This paper, deposited in NCBI SRA: PRJNA975431 SAMN35326206

SAMN35326207

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Patient 9 This paper, deposited in NCBI SRA: PRJNA975431 SAMN35326208

Patient 10 This paper, deposited in NCBI SRA: PRJNA975431 SAMN35326209

Patient 11 This paper, deposited in NCBI SRA: PRJNA975431 SAMN35326210

Patient 12 This paper, deposited in NCBI SRA: PRJNA975444 SAMN35326335

Patient 13 This paper, deposited in NCBI SRA: PRJNA975444 SAMN35326336

Patient 14 This paper, deposited in NCBI SRA: PRJNA975444 SAMN35326337

Patient 15 This paper, deposited in NCBI SRA: PRJNA975444 SAMN35326338

Patient 16 This paper, deposited in NCBI SRA: PRJNA975444 SAMN35326339

Patient 17 This paper, deposited in NCBI SRA: PRJNA975444 SAMN35326340

Patient 18 This paper, deposited in NCBI SRA: PRJNA975444 SAMN35326341

Patient 19 This paper, deposited in NCBI SRA: PRJNA975444 SAMN35326342

Patient 20 This paper, deposited in NCBI SRA: PRJNA975444 SAMN35326343

Patient 22 This paper, deposited in NCBI SRA: PRJNA975361 SAMN35325436

SAMN35325437

Patient 23 This paper, deposited in NCBI SRA: PRJNA975361,

PRJNA975444

SAMN35325438

SAMN35326344

Patient 24 This paper, deposited in NCBI SRA: PRJNA975456 SAMN35326492

Patient 25 This paper, deposited in NCBI SRA: PRJNA975361,

PRJNA975456

SAMN35325439

SAMN35326493

SAMN35326494

Patient 26 This paper, deposited in NCBI SRA: PRJNA975456 SAMN35326495

SAMN35326496

Patient 27 This paper, deposited in NCBI SRA: PRJNA975456 SAMN35326497

SAMN35326498

SAMN35326499

SAMN35326500

SAMN35326501

Patient 28 This paper, deposited in NCBI SRA: PRJNA975456 SAMN35326502

SAMN35326503

Experimental models: Cell lines

HCC827 ATCC ATCC CRL-2868

NCI-H358 ATCC ATCC CRL-5807

NCI-H1781 ATCC ATCC CRL-5894

KM12 M.D. Anderson Cancer Center NA

NCI-H2228 ATCC ATCC CRL-5935

HCC-78 DSMZ ACC 563

Oligonucleotides

Probe set for nCounter

hybridization, refer to Table S2

NanoString Technologies, customized

nCounter panel

NA

Recombinant DNA

pcLVi(3G)-MET-EF1a-TetON-T2A-Puro-WPRE SIRION Biotech GmbH NA

Software and algorithms

Prism (version 8.2.0) GraphPad NA

GeneData Screener� Software (version 16.0.5) Genedata NA

nSolver� (version 2.6) NanoString Technologies NA
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Niki Karachaliou (niki.karachaliou@merckgroup.com).
Materials availability

This study did not generate new unique reagents. The used drugs were synthesized at the healthcare busi-

ness of Merck KGaA, Darmstadt, Germany or purchased from commercial vendors as stated in the key re-

sources table.

Data and code availability

d Raw NGS and nCounter data related to Figure 1 and Tables S1 and S2 are deposited in the Sequence

Read Archive (SRA) of the National Center for Biotechnology Information (NCBI), under the following

project codes and accession numbers (the single accession numbers are listed in the key resources

table):

SRA: PRJNA975361 (https://www.ncbi.nlm.nih.gov/bioproject/975361): SAMN35325436 - SAMN35325439.

SRA: PRJNA975367 (https://www.ncbi.nlm.nih.gov/bioproject/975367): SAMN35325464 - SAMN35325467.

SRA: PRJNA975431 (https://www.ncbi.nlm.nih.gov/bioproject/975431): SAMN35326201 - SAMN35326210.

SRA: PRJNA975444 (https://www.ncbi.nlm.nih.gov/bioproject/975444): SAMN35326335 - SAMN35326344.

SRA: PRJNA975456 (https://www.ncbi.nlm.nih.gov/bioproject/975456): SAMN35326492 - SAMN35326503.

Microscopy images and original western blot images reported in this paper will be shared by the lead con-

tact upon request.

d This study did not analyze codes.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients

Lung cancer patients from three institutions were included in the study; Dexeus University Hospital, Sagrat

Cor Hospital and General de Catalunya Hospital. Previous informed patient consent was obtained in all

cases. The study had been approved by the ethical committees of each hospital (approval number 04/

2020, 25 February 2020) and was conducted according to the Declaration of Helsinki. Refer to Table S1

for details.
Cell lines

All cell lines used were obtained from commercial vendors (refer to key resources table) and cultured ac-

cording to provider’s recommendations. The identity of the cell lines was confirmed by their respective STR

profiles and the absence of mycoplasma and bacterial contamination were tested.
Mice

Xenograft tumors were established in eight-to ten-week-old female H2d Rag2 [C; 129P2-H2d-TgH(II2rg)

tm1Brn-TgH(Rag2)tm1AltN4] mice (Taconic Biosciences, Denmark). The study design and animal usage

were approved by local animal welfare authorities (Regierungspräsidium Darmstadt, Germany, protocol

registration number DA4/Anz.1040).
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METHOD DETAILS

FISH and IHC

FISH (Fluorescent in situ hybridization) forMET was performed with the ZytoLight SPECMET/centromere 7

(MET/CEP7) Dual Color Probe (ZytoVision, Bremerhaven, Germany) according to manufacturer’s instruc-

tions. A sample was considered positive for MET amplification if (i) a MET/CEP7 ratio R2 and (ii) MET

gene copy number (GCN) per cell R6 were observed. IHC (immunohistochemistry) staining for total and

phospho-MET protein was performed with MET SP44 clone (Roche, Mannheim, Germany) and

phospho-MET (Tyr1234/1235) D26 XP Rabbit mAb (Cell Signaling, Danvers, MA), respectively, on a

BenchMark ULTRA automated tissue staining system (Ventana Medical Systems, Tucson, Arizona, USA).

A sample was considered positive if intense membrane staining (3+) was observed inR50% of tumor cells.
DNA purification and NGS sequencing analysis

DNA was purified from liquid biopsies (blood, cerebrospinal fluid and pleural effusion), cytological

samples and FFPE biopsies using the DNeasy Blood &Tissue Kit and the GeneRead DNA FFPE Kit, respec-

tively (QIAGEN, Hilden, Germany), following the manufacturer’s instructions. DNA concentration was

measured by Qubit and those samples with DNA R2.5 ng/mL were diluted to achieve this concentration.

DNA-based next generation sequencing (NGS) was performed using a GeneRead QIAact Custom

extended Panel (Qiagen, Hilden, Germany) according to manufacturer’s instructions. The panel targets

mutations and copy number variations (CNVs) in 30 genes frequently altered in lung cancer (EGFR,

BRAF, MET, ERBB2, ALK, ROS1, RET, PIK3CA, KRAS, NRAS, KIT, PDGFRA, TP53, STK11, KEAP1,

ARID1A, FAT1, NFE2L2, SETD2, POLE, POLD1, IDH1, IDH2, ERBB4, FGFR1, FGFR2, FGFR3, MYC, CDK4,

CDK6). Up to 40 ng of purified DNA were used as a template. Clonal amplification was performed on

pooled libraries (625 pg) and, following bead enrichment, GeneReader instrument was used for

sequencing. Qiagen Clinical Insight Analyze (QCI-A) software was employed to align the read data and

call sequence variants, which were imported into the Qiagen Clinical Insight Interpret (QCI-I) web interface

for data interpretation and generation of final custom report.

CNVs were identified using an in-house algorithm, of which the validation was extensively described else-

where.40,49 First, for each sample, the sum of median UMI read coverage for the 30 genes in the panel was

calculated. Then, the UMI read coverages for each gene were normalized using this sum, generating the

so-called Ngx. Next, the geometric mean (geomean) and standard deviation (SD) of the normalized

coverages were calculated for each gene across all samples analyzed in the laboratory. A gene was consid-

ered amplified if Ngx R geomean +2 SD.
RNA extraction and NanoString nCounter assay

In the case of tissue samples (TBx), the high Pure RNA isolation Kit (Roche Diagnostics) was employed for

RNA isolation, purity and concentration of the extracts were determined by NanoDrop 8000 (Thermo

Scientific). Total RNA was hybridized with a custom-designed mixture of biotinylated capture tags and

fluorescently labeled reporter probes (Elements Chemistry).40,50 All processes of hybridization, capture,

clean-up and digital data acquisition were performed with nCounter Prep Station and Digital Analyzer

(NanoString Technologies) according to the manufacturer’s instructions. The hybridization mixture

included specific probes for fusions, MET-wt and METDex14 target sequences (see Table S2). The analyt-

ical validation of the nCounter methodology to identify relevant gene rearrangements in advanced NSCLC

(including result analysis, establishment of cut-off values and orthogonal validation with FISH and IHC) has

been extensively described elsewhere.40,50,51 Reporter counts were uploaded into the nSolver analysis

software version 2.6 and converted into an Excel Sheet. Samples were considered not evaluable if the

geometrical mean (geomean) of counts corresponding to the housekeeping genes was lower than 100.

Counts from MET probes were normalized in two steps and subjected to a logarithmic transformation to

obtain the log-MET mRNA expression values.40

In the case of liquid biopsies (LBx), blood samples were collected in a 10-mL sterile Vacutainer tubes (BD)

while pleural effusions and cerebrospinal fluids were collected in sterile tubes or containers with no addi-

tives or anticoagulants. Samples were centrifuged twice for 10 min at 500 xg and the circulating-free RNA

(cfRNA) was isolated from 4 mL of supernatant using the QIAsymphony DSP Virus/Pathogen Midi Kit in a

QIAsymphony robot (Qiagen), following the manufacturer’s instructions. Final elution volume was 50 mL

in all cases. RNA concentration was estimated by Qubit and 5 mL were retrotranscribed to cDNA with
iScience 26, 107006, July 21, 2023 17
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the nCounter Low RNA Input Amplification Kit (NanoString Technologies). The cDNAs obtained were pre-

amplified using the nCounter Low RNA Input Amplification Kit (NanoString Technologies). The 30-cycle

pre-amplification step was performed in a Verity thermal cycler (Applied Biosystems) using a custom primer

pool. Amplified cDNA was denatured at 95�C for 5 min and hybridized at 67�C for 18–24 h with a custom-

ized nCounter panel (see Table S2) including probes for housekeeping genes, common ALK, ROS1 or RET

fusion transcripts and METDex14 transcripts. Capture, clean-up and digital data acquisitions were per-

formed as described for tissue samples. Samples were considered evaluable if the geometric mean of

housekeeping gene counts was higher than 30. A sample was considered positive for a specific fusion if

the counts of the corresponding transcript were higher than the geomean plus six times the standard de-

viation (6xSD) of the counts in the negative samples. Finally, liquid biopsy samples need a pre-amplification

step (see above) and were considered not adequate to estimate tumor mRNA levels. This technique was

validated using 84 LBx from healthy donors and patients with NSCLC, breast, prostate and pancreatic can-

cer as well as eight cell lines (NCI-H2228, NCI-H3122, HCC78, LC-2/ad, Hs746.T, NCI-H23, A-549, PC9).

Generation of MET-overexpressing cell lines

To generate the MET-overexpressing cell lines, lentiviral particles were produced by SIRION Biotech

GmbH using the pcLVi(3G)-MET-EF1a-TetON-T2A-Puro-WPRE transfer plasmid and third generation len-

tiviral packaging plasmids. To construct the vector, the wild-type MET sequence (NM_001127500.3) was

used. Cells were transduced by lentiviral infection and selected with puromycin for at least 2 weeks. To

induce the MET overexpression, cells were treated with 0.5 mg/mL (0.1 mg/mL for NCI-H358 tetON-MET

cells) doxycycline (Sigma-Aldrich #D3072) for at least 24 h.

Cell viability assays

Cells were seeded into clear 96-well plates at densities between 2000 and 2500 cells per well (9000/well for

NCI-H1781 cells). The next day, cells were treated with serial dilutions of compounds with a constant DMSO

concentration using a Tecan D300e Digital Dispenser (Tecan, Männedorf, Switzerland). After six days, cell

viability was assessed using the Resazurin assay (R&D Systems, Minneapolis, MN) according to manufac-

turer’s instructions. Data was analyzed by the Loewe combination method29 using GeneData Screener

Software (Version 16.0.5).

Colony formation assays

Cells were seeded into clear 6-well plates at densities between 2200 and 6000 cells per well and compound

exposure initiated on the following day. Cells were cultured for two weeks, while medium and compounds

were changed every 2–3 days. Colonies were fixed and stained with neutral red (in 70% Ethanol) for 15 min

at room temperature (RT). Following incubation, the plates were rinsed thoroughly under running water

and dried.

Western blot analysis

Cell or mouse tumor samples were lysed using RIPA lysis buffer: 0.5% Sodium deoxycholate, 50 mM Tris-

HCl pH 7.4, 1% Triton, 137 mM NaCl, 1% Glycerin, 0.5 mM EDTA pH 8.0, 0.1% SDS. Following protein

concentrations determination using the BCA Protein Assay Kit (Pierce, Appleton, WI), cell lysates were

mixed with 4x NuPAGE LDS Sample Buffer (Invitrogen) and 10x NuPAGE Reducing Agent (Invitrogen)

and heated at 98�C for 10 min. Lysates were separated using NuPAGE 4–12% BisTris Midi Protein gels (In-

vitrogen) and NuPAGE MOPS SDS Running Buffer (Invitrogen). Proteins were subsequently transferred

onto Immun-Blot Low Fluorescence PVDFmembranes (Bio-Rad) using the Bio-Rad Trans-Blot Turbo Trans-

fer System (Bio-Rad). Membranes were blocked using the Odyssey Blocking Buffer (LI-COR Biosciences,

Lincoln, NE) on a rocking platform for 1 h. Primary antibodies (refer to key resources table) were incubated

at 4�C overnight. Following washing steps, membranes were incubated with secondary antibodies (refer to

key resources table) for 1 h at RT. Signals were detected using the Odyssey Imager (LI-COR Biosciences,

Model 9120).

Mouse xenograft experiments

Xenograft tumors were established by subcutaneous injection of 5 million NCI-H358 tetON-MET cells sus-

pended in 100 mL medium/Matrigel (1:1) into the right flanks of eight-to ten-week-old female H2d Rag2 [C;

129P2-H2d-TgH(II2rg)tm1Brn-TgH(Rag2)tm1AltN4] mice (Taconic Biosciences, Denmark). Mice were fed

with a doxycycline-containing diet starting from the day of cell injection. When tumor xenografts reached
18 iScience 26, 107006, July 21, 2023
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a volume of 120–250 mm3, mice (N = 10 per treatment arm, randomized from 15 mice per arm to obtain a

similar mean and median within the treatment groups) received the respective treatment. Tepotinib was

formulated in 0.5% HPMC (Hydroxy propyl methyl cellulose) and 0.25% Tween 20 in water, sotorasib was

administered in 2% HPMC and 1% Tween80 in water. Both drugs were administered by oral gavage

once daily.
QUANTIFICATION AND STATISTICAL ANALYSIS

If not stated otherwise, results are presented as mean G standard deviation (SD).

Dose-response curves were generated using GraphPad Prism (version 8.2.0) and synergy analysis was per-

formed using GeneData Screener Software (Version 16.0.5).
ADDITIONAL RESOURCES

This study has not generated or contributed to a new website/forum and is not part of a clinical trial.
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