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Abstract

Non-small lung cancers (NSCLCs) frequently (~30%) harbor KRAS driver mutations, half 

of which are KRASG12C. KRAS-mutant NSCLC with co-mutated STK11 and/or KEAP1 is 

particularly refractory to conventional, targeted, and immune therapy. Development of KRASG12C 
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inhibitors (G12Cis) provided a major therapeutic advance, but resistance still limits their efficacy. 

To identify genes whose deletion augments efficacy of the G12Cis adagrasib (MRTX-849) 

or adagrasib plus TNO155 (SHP2i), we performed genome-wide CRISPR/Cas9 screens on 

KRAS/STK11-mutant NSCLC lines. Recurrent, potentially targetable, synthetic lethal (SL) genes 

were identified, including serine-threonine kinases, tRNA-modifying and proteoglycan synthesis 

enzymes, and YAP/TAZ/TEAD pathway components. Several SL genes were confirmed by 

siRNA/shRNA experiments, and the YAP/TAZ/TEAD pathway was extensively validated in 
vitro and in mice. Mechanistic studies showed that G12Ci treatment induced gene expression of 

RHO paralogs and activators, increased RHOA activation, and evoked ROCK-dependent nuclear 

translocation of YAP. Mice and patients with acquired G12Ci- or G12Ci/SHP2i-resistant tumors 

showed strong overlap with SL pathways, arguing for the relevance of the screen results. These 

findings provide a landscape of potential targets for future combination strategies, some of which 

can be tested rapidly in the clinic.
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INTRODUCTION

The most common subtype of lung cancer, non-small cell lung cancer (NSCLC), is a leading 

cause of cancer-associated morbidity and mortality worldwide. Mutations in KRAS drive 

25-30% of NSCLC cases (1–3); approximately half of these mutations convert glycine 12 to 

cysteine (G12C). Concomitant mutation or deletion (hereafter, “co-mutations”) of different 

tumor suppressor genes (e.g., TP53, SMARCA4, STK11, and/or KEAP1) typically occur 

in concert with KRAS mutations (4,5). KRAS mutations also occur frequently in other 

tumors, including colorectal cancer (CRC) and pancreatic adenocarcinoma (PDAC). The 

specific KRAS allele, as well as other co-occurring genomic abnormalities, differ in these 

neoplasms, with KRASG12C comprising only ~5% of CRC-associated KRAS mutations and 

1-3% of PDAC cases. Tumor properties, including therapy response, are determined by the 

specific combination of driver and tumor suppressor gene alterations and the cell-of-origin 

of the tumor. In NSCLC, for example, STK11 and/or KEAP1 mutations are associated with 

poor response to conventional, targeted, and immune therapies (5–7). The lack of effective 

treatment strategies for this subgroup represents a major unmet medical need.

KRAS had long been viewed as “undruggable”. The recent development of small 

molecule covalent G12C inhibitors (G12Cis) represents a triumph of chemical biology and 

drug design. Several G12Cis (6,8) are in clinical trials, and two, sotorasib (AMG-510) 

and adagrasib (MRTX-849), are FDA-approved for second-line treatment of KRASG12C 

NSCLC. While these drugs clearly have clinical activity, overall response rates (30-40%) 

and disease control (~60%) in NSCLC are modest and transient, with median duration less 

than one year (9,10). Response rates in KRASG12C-mutant CRC are even lower (11).

Multiple mechanisms of intrinsic and acquired resistance (10,12,13), have been identified; 

hence, drug combinations will likely be needed to maximize the clinical efficacy of 

Mukhopadhyay et al. Page 2

Cancer Res. Author manuscript; available in PMC 2024 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



G12Cis (and probably other, emerging KRAS inhibitors) in NSCLC and other diseases. 

For example, combinations of G12Ci and SHP2 inhibitors (SHP2i) such TNO155 (14) and 

RMC-4550 (15) have been validated pre-clinically and are now being explored in the clinic 

(NCT04699188, NCT05480865).

To more globally define the landscape of potential combination strategies, we used genome-

wide CRISPR/Cas9 screening to identify genes whose inactivation enhances the efficacy of 

MRTX-849 alone or in combination with TNO-155 in four KRASG12C-mutant NSCLC cell 

lines. Owing to the association of these genotypes with poor therapeutic response, we chose 

lines with co-mutations in STK11; three were also KEAP1-defective. Our results credential 

TEAD inhibition as a potential strategy for enhancing adagrasib (and likely sotorasib) 

response and identify multiple other potentially “druggable” targets for combination therapy.

MATERIALS AND METHODS

Cell Lines and Reagents

MIAPaCa-2, Calu-1, H23, H358, H2030, H2122, HCC44, SW1463, and SW837 cells were 

obtained from laboratory inventories, acquired as reported previously (16). The KCL cell 

line was derived following an established protocol (17). Briefly, nodules were harvested 

from lungs with visible tumors in Ad-Cre-induced, KRASLSL-G12C/+; Stk11flox/flox (KCL) 

mice on C57BL/6J background (generated as described below) and minced in RPMI 1640 

containing 10% Fetal Bovine Serum (FBS, Sigma-Aldrich), 1X GlutaMAX Supplement 

(Gibco, Cat#: 35050061) and 1x Antibiotic-Antimycotic (Gibco, Cat#: 15240062). The 

media were exchanged daily, and cells were cultured for at least five passages to establish a 

stable cell line.

All cultures were maintained at 37°C in a 5% CO2 environment using the media conditions 

specified by the supplier or the originating laboratory. Once thawed, aliquots of cell lines 

were maintained for no longer than 3 months. TET-ON-shRNA stable cell lines (see below) 

were cultured in tetracycline-free FBS (Takara Bio). Lines were tested for mycoplasma 

contamination by PCR 5-7 days after thawing.

MRTX-849 was provided by Mirati Therapeutics under a collaborative research agreement. 

TNO155, Y27632, and VRK-IN-1 were purchased from MedChemExpress. VT104 and 

VT106 were provided by Vivace Therapeutics under a collaborative MTA. MYF-03-176 was 

kindly provided by Dr. Nathanael S. Gray, Stanford University, under a collaborative MTA. 

SHP099 was purchased from WuXi AppTec (Shanghai) Co., Ltd.

Plasmids, si/shRNAs, and Lentivirus Generation

To induce TEAD1 (VB230130-1327fbp/VectorBuilder) or WWTR1/TAZ 
(VB230411-1009nze/VectorBuilder) (over)expression in KCL cells, expression plasmids 

were generated that fuse the respective coding sequences to 3X-flag tags. These plasmids 

and a control vector (VB900120-7563srw) were obtained from VectorBuilder. The following 

constructs were obtained from Addgene: pLX304 (#25890), YAP1 (#42555), YAP1S6A 

(#42562), and YAP1S94A (#59145), dominant negative TEAD and cognate vector control 

(pInducer20 EGFP-TEADi, #140145, and pInducer20 #44012), and 8xGIITC-luciferase 
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(#34615) and Renilla luciferase (#27163). Stable cell lines overexpressing the indicated 

genes were generated using lentiviral gene transduction (17).

Doxycycline (Dox)-inducible gene knockdowns were achieved by using TET-ON lentiviral 

vectors (Tet-pLKO-Puro backbone, Addgene #21915) expressing the appropriate targeting 

shRNA and a puromycin resistance gene (pLKO-Tet-On-Gene –shRNA1 and –shRNA2). A 

non-targeting shRNA vector (pLKO-Tet-On-shRNA-Control) served as control. Stable lines 

were established by puromycin selection for 7 days, and shRNAs were induced by adding 

Dox (1 μg/ml) to the culture medium. Suggsted sequences for shRNAs were obtained from 

the Broad Institute of MIT and were designated TEAD1 #1 (TRCN0000015799), TEAD1 #2 

(TRCN0000015800), ELP3 #1 (TRCN0000001280), ELP3 #2 (TRCN0000235508), ELP5 
#1 (TRCN0000130483), ELP5 #2 (TRCN0000127506), RIOK2 #1 (TRCN0000197250), 

and RIOK #2 (TRCN0000196684).

To generate lentiviruses, HEK-293T cells were co-transfected with lentiviral constructs 

and the packaging plasmids psPAX2 (Addgene, #12260) and pMD2.G (Addgene, #12259) 

using Lipofectamine 3000 (Invitrogen, Cat#: L3000008) according to the manufacturer’s 

instructions. After 48h, culture media were passed through a 0.45 μm filter (Corning, cat#: 

431225) to remove cell debris, and supernatants containing viral particles, supplemented 

with 8 μg/ml of polybrene (Fisher Scientific, cat#: TR1003G), were used to infect 70% 

confluent cells in 6-well plates for 16h at 37 °C.

For siRNA experiments, cells were plated in 6-well plates at 30% confluence in medium 

containing 10% FBS. After 24 hr, cells were transfected with siRNA (100 nM) using 

Lipofectamine RNAiMAX according to the manufacturer’s instructions. After 6 hr, 

media were replaced. TEAD1 (L-012603-00-0005), RIOK2 (L-005002-00-0005), ELP5 

(L-017992-00-0005), VRK1 (L-004683-00-0005), WWTR1 (L-016083-00-0005) and ELP3 
(L-015940-01-0005) siRNAs were obtained from Horizon Discovery.

CRISPR/Cas9 Screens

Two separate batches of each cell line were transduced with the TKOv3 CRISPR KO 

lentivirus library (18) at a low MOI (~0.3). Two days post-infection, the media were 

supplemented with puromycin, and cells were selected for 8 days. Following a recovery 

phase, a 500X library representation of infected cells from each batch was treated with 

DMSO (vehicle) or MRTX-849 at twice the IC50 for each line for 8 doubling periods. For 

combination screens, TN0155 was applied at the IC50 dosage or at 3 μM if the IC50 for 

the cell line exceeded that value. Screens with TNO155 alone used the same concentration 

of SHP2i as the combination screens. Upon screen conclusion gDNA was extracted and 

amplified via PCR, as described (19). The final PCR products were sequenced using 

an Illumina NovaSeq 6000 (SP 100 Cycle Flow Cell v1.5), and sequencing results were 

analyzed using MaGeCK (20). Downstream statistical analyses and plot generations were 

performed in R environment (4.0.3). Pathway analysis were generated by Enrichr (21). Gene 

set enrichment analysis was obtained by deploying GSEA software (22). CIRCOS plots 

were generated by using Metascape (23).
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Cell Viability and Proliferation Assays

Cells were seeded in 96-well plates (1,000–2,000 cells/well) and treated with drugs at the 

indicated concentrations for the indicated times (3-7 days). Media (including inhibitors) 

were replaced every two days. Dose-response curves were generated using the MTS-based 

Cell Counting Kit-8 (CCK8) assay (Enzo, ALX-850-039-KI02). Three hours after addition 

of CCK-8 reagent to cells, A450 was recorded using a FlexStation 3 multi-mode microplate 

reader according to the manufacturer’s instructions. IC50s were calculated with GraphPad 

Prism. For all other proliferation assays, cells were harvested and stained with trypan blue 

(# T8154, Sigma-Aldrich), and viable (trypan blue-excluding) cells were quantified with a 

Countless II automated cell counter (Invitrogen). Drug interaction between MRTX-849 and 

VT104 was assessed by Bliss analysis using the formula: Yab,P = Ya + Yb – YaYb, where Ya 

stands for percentage inhibition of drug a and Yb stands for percentage inhibition of drug b. 

Synergy was defined as % observed effect > Yab,P (24).

RNA Extraction and RT-qPCR

Total RNA was extracted from cell pellets using the RNeasy Plus Mini Kit 

(QIAGEN, Cat#: 74136) and reverse transcribed using the High-Capacity RNA-to-

cDNA™ Kit (Thermo Fisher Scientific, Cat#: 4387406) as per the manufacturers’ 

protocols. cDNAs were diluted and analyzed by RT-qPCR using PowerUp™ SYBR™ 

Green Master Mix (Thermo Fisher Scientific, Cat#: A25742). PCR amplification and 

detection were achieved by using the QuantStudio 3 Real-Time PCR System (Applied 

Biosystems) and CYR61-specific primers (F-CYR61: CTCGCCTTAGTCGTCACCC; 

R-CYR61: CGCCGAAGTTGCATTCCAG), VRK1-specific primers (F-VRK1: 

CCAACGAGCTGCAAAACC; R-VRK1: TGTCATGTAGACCAGACCCCC). CYR61 and 

VRK1 levels were normalized to those of ACTB and represented as fold-change in gene 

expression in the test sample relative to the control.

Bulk RNA-seq and RPPA

Bulk RNA-seq was performed on total RNA from cell lines or isolated tumor cells by 

the PCC Genome Technology Center Shared Resource (GTC). Libraries were prepared 

with the Illumina TruSeq Stranded Total RNA Sample Preparation Kit and sequenced on 

an Illumina NovaSeq 6000 platform utilizing 150-bp paired end reads. Sequencing data 

were de-multiplexed and transformed into FASTQ format by using Illumina bcl2fastq 

software. Subsequent data processing and analysis were performed by the PCC Applied 

Bioinformatics Laboratories (ABL). Reads were adapter- and quality- trimmed using 

Trimmomatic before alignment with the human or mouse genome using the splice-aware 

STAR aligner. Using featureCounts (25), counts for each gene were created based on 

the number of aligned reads overlapping its exons. These counts were standardized and 

subsequently evaluated for differential expression via the DESeq2 R package, using negative 

binomial generalized linear models. Lastly, the Enrichr tool was employed for pathway 

analysis of the bulk RNA-seq data.

RPPA for isolated tumor cells were performed at the MDACC Functional Proteomics core 

facility as described (26). Standardized intensity data were log 2-transformed, and heat maps 
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were row-normalized using Z score. Rows and columns were clustered via hierarchical 

clustering as described (26).

Luciferase Assays

H2030 cells in 6-well plates were transiently co-transfected with 8xGTIIC-luciferase (2 

μg) and Renilla luciferase (200 ng) plasmids, using X-tremeGENE HP DNA Transfection 

Reagent (Sigma). Luciferase activity was measured with the Dual-Glo Luciferase Assay 

System (Promega). To control for transfection efficiency, firefly luciferase activity was 

normalized to Renilla luciferase readings. Experiments were performed three times.

RHOA Activity Assays

RHOA activity (RHO-GTP) was quantified by using a G-LISA activation assay kit 

(Cytoskeleton), following the manufacturer’s guidelines. Briefly, cells were lysed using 

a buffer supplied in the kit, and extracts were transferred to 96-well plates layered with 

GST-RHOA binding domain fusion protein. After incubation with gentle shaking at 4°C for 

30 min., plates were washed three times with “wash buffer” prior to the addition of “antigen-

presenting buffer” (each from Cytoskeleton) containing anti-RHOA primary monoclonal 

antibody for 30 min., washed 3 times, incubated with horseradish peroxidase (HRP)–linked 

secondary antibodies and quantified by using a FlexStation 3 multi-mode microplate reader.

Immunofluorescence

Cells (2×103/well) were seeded in 8-well chamber slides (Nunc Lab-Tek, Thermo Fisher), 

allowed to grow overnight in complete medium (RPMI with 10% FBS and 1X penicillin/

streptomycin), and treated with MRTX-849 for the times indicated. Cells were then fixed 

in 4% paraformaldehyde for 10 minutes at room temperature, rinsed three times for 5 

min. each in PBS, and permeabilized in 0.1% Triton X-100/5% FBS in PBS for a 1 hr at 

RT. Following blocking, slides were incubated with monoclonal anti-YAP1 antibody (Cell 

Signaling, Cat# 14074, 1:100 in 5% FBS/PBS) at 4°C overnight, washed four times with 

PBS, incubated with Alexa Fluor Plus 488 (Thermo Fisher Scientific, Cat#: A-11001, 1:400 

dilution) secondary antibodies for 2 hr, and washed three times with PBS. Nuclei were 

stained with DAPI (BioLegend, Cat#: 422801) for 5 min, and slides were washed two 

more times in PBS before mounting with Fluorescence Mounting Medium (Dako, Cat#: 

S3023). Images were acquired with a Zeiss 880 Laser Scanning Confocal Microscope (Axio 

Observer) equipped with Zen 3.0 software (ZEN blue, Carl Zeiss Inc.) and were processed 

by Fiji software (NIH).

YAP localization in cell populations was quantified by two double-blinded observers. Partial 

nuclear, total nuclear, and total cytosolic localization of YAP were defined using control 

immunofluorescence images. Then, all cells were scored independently and blindly into one 

of these categories. YAP and DAPI channels were merged using ImageJ, and total cell count 

( at least 50 cells per group) as well as the number of cells scored based on each pattern 

of YAP localization were generated using the multi-point function in ImageJ. Raw data 

sets were averaged, and the proportion of cells in each staining category was determined. 

The results of the two double-blinded observers were averaged and displayed as bar plots. 
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Significance was evaluated by ANOVA with Tukey’s correction for multiple comparisons. 

All analyses were performed using GraphPad Prism.

Immunoblotting

Cells were washed twice with ice-cold PBS, scraped into 700 ml PBS, and centrifuged at 

1500 x r.p.m. for 5 min. Pellets were lysed in RIPA buffer (ThermoFisher Scientific #89900) 

with a protease and phosphatase inhibitor cocktail (ThermoFisher Scientific #78440). 

Protein concentrations were determined using a BCA protein assay kit (ThermoFisher 

Scientific #23225) with bovine serum albumin as the protein standard. Total cellular protein 

(30 μg) was boiled in 6x SDS sample buffer (Boston BioProducts cat# BP-111R), resolved 

on 4-20% Mini-PROTEAN TGX SDS-PAGE gels (Bio-Rad, Cat # 4568095, 5678095 and 

5671094), and transferred to nitrocellulose. Membranes were blocked with TBS buffer (LI-

COR, Cat # 927-60001), incubated with primary antibodies overnight at 4°C and secondary 

antibodies for 1 hour at room temperature, and visualized by using an Odyssey classic 

infrared imaging system (LI-COR) and Image Studio Lite (V 5.2).

Antibodies used for immunoblots were as follows: monoclonal anti-β-actin (# A5441; 

1:10,000) and anti-FLAG (#F1804; 1:5,000) from Sigma; monoclonal anti-β-actin (#4970S), 

anti-GAPDH (#5174S; 1:5000), anti-TEAD1 (#12292; 1:1000), anti-ELP3 (#5728S; 

1:1000), anti-TAZ (#72804;1:1000), and monoclonal anti-GFP (#2956; 1:1000), all 

from Cell Signaling; polyclonal anti-RIOK2 (Abcam #Ab88485; 1:1000), polyclonal anti-

ELP5 (Protein Tech #10162-1-AP; 1:500), and IRDye 680RD donkey anti-Mouse IgG 

(#925-68072), IRDye 800CW donkey anti-rabbit IgG (#925-32212), IRDye 680RD donkey 

anti-Rabbit IgG (#926-68073), and IRDye 800CW donkey anti-Mouse IgG (# 925-32212), 

all from LICOR.

Genetically Engineered Mouse Model (GEMM) Generation and Treatment

All animal studies were approved by the Institutional Animal Care and Use Committee 

at New York University Grossman School of Medicine and adhered to the guidelines 

stipulated in the Guide for the Care and Use of Laboratory Animals. KrasLSL−G12D/+; 

Stk11flox/flox (KdL) (27) and KRAS LSL−G12C/+ (KC) (28) mice were described previously. 

These mice were inter-crossed to generate KRASLSL-G12C/+;Stk11flox/flox (KCL) progeny, 

all on C57BL6/J background. Mice of both sexes were used for experiments, and age- 

and sex-matched animals were grouped randomly. Ad-Cre virus (1×107 PFU) as instilled 

nasally at 7–8 weeks of age, and mice were monitored for tumor development by magnetic 

resonance imaging (MRI). KCL tumor-bearing mice were dosed by gavage with MRTX-849 

(100mg/kg), alone or in combination with SHP099 (75mg/kg), on a 5 days on/2 days off 

schedule. Tumor development was monitored by MRI every 2 weeks (see below). After 3-6 

months of treatment, tumors were harvested and cut into pieces for RNA-seq and RPPA 

analysis.

For syngeneic tumor experiments, KCL cells (106 in 200 μl PBS) were injected 

subcutaneously into the right flanks of male C57BL/6J mice (Jackson Laboratory). For 

xenografts, H2030 cells (5 × 106) were injected subcutaneously into the right flanks of 

Crl:NU-Foxn1nu/nu mice (Charles River, #088) with a 1:1 mixture of cell suspension 
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in Matrigel (Corning, Cat#354234). When tumor volumes reached ~100 mm3 (for 

syngeneic grafts) or ~300 mm3 (for xenografts), mice were randomized to the following 

groups: vehicle control, MRTX-849 (100 mg/kg/d), VT104 (10 mg/kg/d), and MRTX-849 

(100mg/kg/d) and VT104 (10 mg/kg/d). Mice were weighed two times a week prior to 

dosing and throughout the study. Tumors were measured in 2 dimensions (length and width) 

twice a week and volumes (mm3) were calculated as (length ×width2)/2).

MRI Quantification

For magnetic resonance imagining (MRI) of the lung fields, mice were anesthetized with 

isoflurane, and 16 consecutive sections were scanned using a BioSpec USR70/30 horizontal 

bore system (Bruker). Tumor volumes in whole lungs were quantified using 3-D slicer 

software. Acquisition of MRI signals was adapted to cardiac and respiratory cycles to 

minimize motion effects during imaging.

scRNA-Seq of Patient Samples

Human lung tumor specimens were collected from patients at New York University Langone 

Hospital (New York, NY) with patient written informed consents and the approval from 

the Institute Research Ethics Committee and with the approval of the Institutional Review 

Board, in accordance with the Declaration of Helsinki, CIOMS, Belmont Report, and U.S. 

Common Rule.

scRNAseq was performed on cells from fresh tumor biopsies from patients with KRASG12C-

mutant NSCLC treated with AMG-510 (sotorasib) or MRTX-849 (adagrasib)/TNO155 

or from a control KRASG12V-mutant tumor. Tumor samples were mechanically and 

enzymatically digested using Collagenase 1000X and DNase for 15-30 min at 37°C. Single 

cells were passed through a 70 μm filter, and red blood cells were lysed in ACK buffer. 

Cells were counted with trypan blue, stained with 0.1 uM Calcein (final concentration) 

for 20 min at 37°C at a final cell concentration of ~106 cells/ml, amd resuspended in 

media containing DAPI (1:1000 of 1 mg/mL stock). Single cells in 0.04% BSA solution 

in PBS were recovered by FACS (PCC Immune Monitoring Laboratory) and subjected to 

10X Genomics scRNAseq library prep and sequencing. Raw sequencing files were mapped 

to the reference genome (hg38), and gene-cell matrices were generated by 10x Genomics 

Cell Ranger software (v 3.1.0). Matrices from different samples were merged and imported 

into Seurat (v 4.1.3). Quality controls included calculating the number of genes, UMIs, and 

the proportion of mitochondrial genes for each cell. Cells with a low number of covered 

genes (gene count < 500) or high mitochondrial counts (mt-genes > 0.2) were filtered. Log-

normalization was performed on the filtered matrix, Principal Component Analysis (PCA) 

was performed, and the top 20 PCs were used as input for Uniform Manifold Approximation 

and Projection (UMAP) and graph-based clustering. Marker genes were used to determine 

tumor cell types. All downstream statistical analyses and plot generation were performed in 

R environment (4.0.3).

Statistical Analysis

Data are expressed as mean ± standard deviation. Significance was assessed using Student’s 

t-test, or 1-way ANOVA with Tukey’s multiple comparisons test, as appropriate. Statistical 
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analyses were performed in Prism 10 (GraphPad Software). Significance was set at P = 0.05 

for all analyses except screen data, where genes with FDR<0.1 were considered for further 

analysis. P values and FDRs for individual experiments are stated in the text and/or figure 

legends.

Data Availability

All the raw sequencing reads, processed files, and metadata are deposited in Gene 

Expression Omnibus with the accession number GSE240120. All other data supporting the 

findings of this study are available from the corresponding authors upon request.

RESULTS

Genome-Wide CRISPR/Cas9 Screens Identify G12Ci Synthetic Lethal Genes

To search for genes that afffect G12Ci efficacy, we performed pooled genome-wide 

CRISPR/Cas9 “dropout” screens on four KRASG12C-mutant NSCLC lines co-mutant/

deleted for STK11; three (excluding H23) also have KEAP1 mutations (Supplementary Fig. 

1A). Notably, KRASG12C-mutant NSCLC with KEAP1 and possibly STK11 mutations are 

more resistant to single-agent G12Ci treatment, as well as conventional chemoradiation and 

immune therapy (6,29,30). Cells from each line were transduced with the TKOV3 lentiviral 

CRISPR library, which targets 18,053 protein-coding genes with sgRNA RNAs per gene 

(18,31), at an M.O.I of 0.3 and 500X representation for each sgRNA. Infected cells were 

cultured for eight population doublings in vehicle (DMSO) or with MRTX-849(adagrasib) 

added at twice the IC50 concentration (2 x IC50) for each line (Fig. 1A; Supplementary Fig. 

1B). Genomic DNA (gDNA) was sequenced, and gene “dropout” was assessed by robust 

rank aggregation, as implemented in MaGeCK (20). Log2 fold-changes were calculated and 

displayed as volcano plots (Fig. 1B; Supplementary Table S1). Biological replicates were 

strongly correlated, indicating that the screens were high-quality (Supplementary. Fig. 1C).

Shared and unique synthetic lethal (SL) genes were identified in the four lines (Fig. 1C; 

Supplementary Table 2). More than 40 genes were depleted (FDR<0.1) in at least three 

lines (Fig. 1D); even more (~330) “dropped out” in at least two (Supplementary Table 

2). Heterogeneity at the gene level probably reflects other genetic/epigenetic changes in 

these lines (in addition to KRAS, STK11, and KEAP1). SHOC2, a known SL gene 

in MEK-inhibitor treated cells (32), was depleted in 3/4 lines, as were genes encoding 

several enzymes that might be targeted therapeutically, including three serine/threonine 

kinases (VRK1, RIOK2, PKN), multiple components of the elongator complex (ELP2, 

ELP3, ELP4, ELP5), metabolic genes (PGD, PGM3), and genes (EXT1, EXT2) involved in 

heparan sulfate biosynthesis, among others. Enrichr analysis revealed SL pathways (p<0.05) 

shared in at least two lines, with most common to three or four (Fig. 1E). Several of 

these (colored red) were expected based on knowledge of the RAS pathway and inhibitor 

effects (33,34), including MAPK Family Signaling, PI3K/AKT/mTOR Signaling, FGF 

Signaling, PDGF Signaling, Autophagy, C-MYC Pathway and E2F targets. Others included 

potential novel, parallel targets, including DNA damage (Fanconi anemia pathway), heparan 

sulphate metabolism, glycosylation, and translation initiation pathways (colored black). 

Genes belonging to the Hippo (YAP/TAZ) pathway (colored blue) were enriched in dropouts 
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from 3/4 lines; moreover, TEAD1 and WWTR1 (encoding TAZ) were each SL in two lines, 

while YAP1 showed significant dropout in H2030 (Fig. 1D and 1E; Supplementary Table 

S2).

YAP1/TAZ/TEAD Inhibition Enhances Adagrasib Action

TEAD inhibitors are in clinical trials for NF2-mutant mesothelioma and other indications 

(e.g., NCT05228015 and NCT04665206) (35). YAP/TAZ pathway activation is also a 

known mechanism of resistance to other targeted therapies, including RAFV600E and MEK 

inhibitors (36). Comporting with the screen results, TEAD1 or WWTR1 depletion by 

siRNAs (“Smartpool”) or doxycycline-inducible shRNAs enhanced MRTX-849 efficacy 

in multiple lines (Fig. 2A and B; Supplementary Fig. 2A-B). Expressing a dominant 

negative TEAD1 mutant (37) had similar effects (Fig. 2C; Supplementary Fig. 2C). 

Conversely, overexpression of TEAD1 (Fig. 2D; Supplementary Fig. 2D), WWTR1 (Fig. 

2E; Supplementary Fig. 2E), YAP1 (Fig. 2F; Supplementary Fig. 2F), or a constitutively 

active, nucleus-restricted form of YAP1 (38), YAPS6A (Fig. 2G; left panel; Supplementary 

Fig. 2G) in “KCL” cells (derived from KRASG12C;Stk11−/− mice; see Methods) caused 

drug resistance. By contrast, YAPS94A, which encodes a mutant unable to associate with 

TEAD family members (39), did not affect MRTX-849 response (Fig. 2G, right panel, Suppl 

Fig. 2G). Collectively, these findings indicate that YAP1 and/or TAZ, acting in the nucleus 

by binding TEAD1 (or other TEAD family members), can antagonize G12Ci action and 

cause resistance.

RHO Directs ROCK-Dependent Nuclear Localization of YAP in Response to MRTX-849

We next asked whether YAP/TAZ/TEAD activity is modulated by G12Ci treatment. H2030 

cells were transiently transfected with 8XGTIIC-Luci, a luciferase reporter driven by TEAD 

binding sites, and exposed to MRTX-849 (IC50 dosage for 48 hours) or left untreated. 

Notably, TEAD reporter activity increased by >6-fold in G12Ci-treated cells (Fig. 3A). 

Moreover, transcript levels of the YAP/TEAD-inducible gene CYR61 were increased after 

48h of MRTX-849 treatment in two NSCLC lines tested (Supplementary Fig. 3A). To 

assess the global effects of G12Ci treatment on the NSCLC transcriptome, we performed 

RNAseq on two MRTX-849-treated H2030 and H2122 cells. Unsupervised clustering 

clearly separated control and treated groups in both lines (Fig. 3B, Supplementary Table 

S3). Remarkably, many upregulated pathways, including Hippo Signaling, conformed to the 

SL pathways identified by our screen (compare Fig. 1E and 3C).

YAP/TAZ activity is controlled by multiple mechanisms, including the MST (and MAP4K)/

LATS kinase cascade, RHO/ROCK signaling, and possibly FAK/SRC-catalyzed tyrosine 

phosphorylation of YAP (40,41). The interaction between these pathways remains unclear/

controversial, but most of them regulate nuclear translocation of YAP/TAZ. MRTX-849 

treatment also increased levels of nuclear YAP in H2030 cells, beginning at 4 hours and 

peaking at 24-48 hours (Fig. 3D). Similar results were obtained with other NSCLC lines 

(H2122, H23) and with the PDAC cell line MiaPaca2 (Fig. 3E).

The delayed kinetics of YAP nuclear translocation following MRTX-849 treatment 

suggested a transcription-dependent process. As noted above, RHO/ROCK signaling can 
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promote YAP activation; also, Rhoa is required for mutant Kras-induced NSCLC in 

mice (42). Moreover, genes annotated as “Signaling by RHO GTPases”, including several 

RHO family members (RHOA, RHOB, RHOD, Supplementary Table S3, Tabs 4-5, bold 

type), RHO-guanine nucleotide exchange factors (RHO-GEFs: VAV2, TRIO, PICALM, 

ARGGEF10L, AKAP13, Supplementary Table S3, Tabs 4-5, bold type), and possible 

RHO-GEFs (ARHGEF40, PLEKHG4 Supplementary Table S3, Tab 4-5, bold type) were 

induced in both cell lines. RHO-mediated YAP activation is thought to be mediated 

via integrin activation, cytoskeletal reorganization, and actomyosin contractility (43,44). 

FEMRT2, encoding KINDLIN-2, which mediates integrin activation, was also induced 

in both lines (Supplementary Table S3, Tab 4-5, colored blue), as were LIMK2, which 

regulates COFILIN and promotes F-actin formation, MYLK, encoding myosin light chain 

kinase, a which regulates actomyosin contractility (Supplementary Table S3, Tab 4-5, 

colored orange) and multiple myosin genes (e.g., MYL6, MYH9, MYH10, MYH14, MYL9, 

MYL12B, MYO6, and others, Supplementary Table S3, Tab 4-5, colored red).

Collectively, these findings suggested that MRTX-849 treatment evokes a transcriptional 

program leading to increased integrin activation, cytoskeletal reorganization, actomyosin 

contractility, RHO activation and, consequently YAP/TAZ pathway activation. Consistent 

with this notion, RHO activity (assessed by G-LISA) increased following MRTX-849 

treatment (Fig. 3F); genes annotated as “Signaling by RHO GTPases” were enriched 

in the SL screens (Fig. 1E), and the ROCK inhibitor Y27632 inhibited YAP nuclear 

translocation induced by MRTX-849 treatment for 24hr (Supplementary Fig. 3B) and to 

an even greater extent after 48h of treatment (Fig. 3G-H, quantified in Supplementary Fig. 

3C-D). Y27632 addition also increased MRTX-849 efficacy in two cell lines tested (Fig. 3I 

and Supplementary Fig. 3E).

Mechanisms of Resistance to G12C/SHP2 Co-Inhibition in RAS-Driven NSCLC

We and others reported previously that SHP2 inhibition enhances G12Ci action in vitro and 

in mice (16,45,46), and multiple SHP2i are in clinical trials for KRASG12C-mutant tumors 

and other indications (e.g., NCT05480865, NCT03565003, NCT04916236, NCT04699188) 

(47). Anticipating that G12Ci/SHP2 combinations might show efficacy in patients, we 

performed CRISPR/Cas9 screens on combination-treated H2122, H2030, and H23 cells; 

HCC44 cells were too sensitive to the combination to obtain meaningful results. For 

these experiments, MRTX-849 was added at 2x IC50, and the clinical grade SHP2i 

TNO-155 was administered at its IC50 or 3 μM, its maximal dose (Supplementary 

Fig. 4A-B, Supplementary Table S4). For comparison, SL screens were carried out on 

the same lines treated with TNO-155, but will not be discussed here (Supplementary 

Table S5). Again, screen quality was high (Supplementary Fig. 4C), and multiple shared 

and unique SL “hits” were identified (Fig. 4A-C). Several genes were SL with single 

agent MRTX-849 and with MTRX-849/TNO-155 (indicated in red); others were unique 

to one treatment (Supplementary Fig. 4D). Likewise, shared SL pathways (PI3K/mTOR 

signaling, Glycolysis, N-linked glycosylation) were identified, but those (Signaling by ALK, 

Central Carbon Metabolism) unique to combination-treated cells also emerged (Fig. 4B and 

Supplementary Fig. 4D). Notably, TEAD1 or TEAD4 were hits in the MRTX849/TNO155 
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screen (Supplementary Fig. 4D), and genes annotated “Hippo signaling” were enriched as 

SL in the combination screen (Fig. 4B).

We therefore validated TEAD1 and TEAD4 as SL with MRTX-849/TNO155 using si- and 

shRNAs and dominant negative TEAD via studies analogous to those used for MRTX-849 

alone (Fig. 4D-F). We also observed that combination therapy induced YAP nuclear 

translocation, consistent with a shared mechanism (Fig. 4G). These results suggest that 

TEAD inhibition could augment this drug combination as well as single agent MRTX-849.

TEAD Inhibitors Enhance The Efficacy of G12Ci in KRAS Mutant-Driven NSCLC

We next tested the effects of two mechanistically distinct TEAD inhibitors on MRTX-849 

efficacy. MYF-03-69 is a tool compound that binds covalently to the conserved TEAD 

palmitate pocket, irreversibly disrupting YAP-TEAD association and suppressing TEAD1-4 

transcriptional activity (48). VT-104 is a clinical grade, non-covalent, pan-TEAD inhibitor 

that also binds this pocket. Consistent with the above genetic results, both agents 

synergistically augmented MRTX-849 action in multiple NSCLC lines, including those 

that were not STK11 and/or KEAP1 mutant (Fig. 5A and B). This combination was 

also active in select PDAC and CRC cell lines (Fig. 5C and Fig. 5D). MYF-03-176 and 

VT-104 each showed higher IC50s (combined with MRTX-849 at its IC50 dose) in YAP1 
over-expressing KCL cells, arguing that their effects were on-target (Supplementary Fig. 5A 

and B). Furthermore, VT106, an inactive analog of VT-104 that does not block YAP/TEAD 

interaction (49), had no effect on drug sensitivity. VT-104 also increased the efficacy of 

combination MRTX849/TNO-155 in NSCLC lines (Supplementary Fig. 5C) compared with 

single agent therapy or two drug-combinations (all at reduced doses).

Given these pre-clinical data, we asked whether TEAD inhibition could enhance MRTX-849 

efficacy in mice. At full doses (100 mg/kg/d), MRTX-849 is quite active against KCL 

syngeneic tumor grafts and H2030 cell-derived xenografts, resulting in complete responses 

(no detectable tumor) after 30 days of treatment. Some malignant cells remain, however, 

because after drug withdrawal, tumors recur. VT104 (10 mg/kg/d) has minimal single agent 

efficacy in either model. However, combining MRTX849 and VT104 results in a significant 

delay in tumor recurrence in both models (Fig. 5E and F). Collectively, then, combined 

G12C and TEAD inhibition shows increased efficacy over G12Ci alone in vivo as well as in 
vitro.

Resistance to G12Ci or G12Ci+SHP2i in Mouse and Human Induces Similar Pathways to 
Those Targeted by SL Genes

Next, we sought to further assess the relevance of our screen findings to the emergence of 

G12Ci resistance in vivo. To this end, we developed G12Ci- and G12Ci+SHP2i-resistant 

genetically engineered mouse models (GEMMs, see Methods for details). Briefly, LSL-

KRASG12C;Stk11fl/fl (KCL) mice were infected with Ad-Cre to simultaneously activate the 

human KRAS transgene and delete Stk11. Mice were serially monitored by MRI. When 

tumors reached 300 mm3 (2-3 months), long-term treatment with MRTX-849 (100 mg/kg, 

5 days on/2 days off) was initiated and continued until tumors recurred (Fig. 6A). Three 

tumor-bearing mice were euthanized to obtain nodules, each of which was divided and 
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analyzed by RNA-seq and reverse phase protein array (RPPA). These results were compared 

with parental tumor samples, obtained from vehicle treated-mice.

RNA-seq revealed multiple enriched pathways (p < 0.05) that were also enriched in the 

CRISPR/Cas9 screens, including Fanconi anemia, MYC, E2F target, and glycosylation 

genes (Figure 6B, left panel, colored in red). Importantly, YAP/TAZ pathway signature 

genes (50) were markedly enriched in resistant nodules (Fig. 6B, right panel; Supplementary 

Fig. 6A, Supplementary Table S6). In line with these findings TAZ and TEAD were 

induced in RPPAs from MRTX-849-resistant tumors (Fig. 6C, full RPPA results are in 

Supplementary Table S7).

Other mice, whose tumors recurred after prolonged MRTX-849 treatment, were treated 

with MRTX849 (100mg/kg/d) plus the tool SHP2i SHP099 (75mg/kg/d). Addition of 

SHP099 resulted in partial responses, but tumors resistant to both agents (Combo-resistant 

tumors) soon recurred (Fig. 6A). RNA-seq of nodules from these tumors also revealed 

pathways common to the CRISPR/Cas9 SL genes (Fig. 6D, colored in red). For example, 

genes annotated as YAP and WWTR1-stimulated were induced, as were those associated 

with regulation of RHO activity and O-linked glycosylation (Fig. 6D; Supplementary Fig. 

6B, Supplementary Table S8). Other pathways were only associated with resistance to 

MRTX-849 (e.g., interferon signaling, VEGF signaling and others), or MRTX-849/SHP099-

treatment (e.g., degradation of cytseine and homocysteine, PI3K events in ERBB2, PPAR 

signaling, and others) groups, respectively. Notably, TEAD and/or TAZ were also induced 

in RPPAs of nodules from MRTX-849/SHP099-treated mice (Fig. 6E, full results in 

Supplementary Table S9).

Finally, we analyzed sc-RNAseq data from tumor samples from two NSCLC patients 

with KRASG12C-mutant tumors: one developed resistance to sotorasib (AMG-510) and 

the other’s tumor was resistant to MRTX-849 + TNO-155. We compared these data with 

scRNAseq of a KRASG12V-mutant NSCLC (Fig. 6F-G, Supplementary Table S10 and 

Supplementary Table S11). Remarkably, resistance pathways suggested by our CRISPR/

Cas9 SL screens and the resistant GEMMs also were enriched in these patient samples. 

Importantly, Hippo and RHO GTPase signaling genes were enriched in both resistant 

tumors, along with glycolysis, MYC, glycosylation and mTOR signaling genes. Other 

pathways, including genes associated with epithelial-mesenchymal transition (EMT), Krebs 

cycle, DNA damage, KEAP1-NFE2L2 pathways, and autophagy, also were enriched in the 

human samples.

Validation of other shared SL genes from CRISPR/Cas9 screens

Finally, we tested the effect of knockdown of several other recurrent, potentially targetable 

SL genes. Reassuringly, siRNAs/shRNAs against RIOK2 (Fig. 7A, Supplementary Fig. 

S7A) or VRK1 (Fig. 7B, Supplementary Fig. S7B), which encode serine/threonine kinases, 

sensitized multiple NSCLC lines to MRTX-849 (at its IC50). VRK-IN-1(51), a tool VRK1 

inhibitor, also enhanced G12Ci efficacy (Fig. 7C). Likewise, knockdown of ELP3 and 

ELP5 (Fig. 7D-E, Supplementary Fig. S7C-D), which encode components of the elongator 

complex (52), augmented MRTX-849 response. ELP5 also scored as a significant SL gene 

in the MRTX-849 + TNO-155 screen (Fig. 4A), and ELP5 siRNA enhanced the effect of 
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this combination (Fig. 7F). Similar results were obtained using doxycline-inducible shRNAs 

(Fig. 7G-I, Supplementary Fig. S7E-G). In concert, these data indicate that multiple other 

genes and pathways besides YAP/TAZ/TEAD could be targeted to enhance G12Ci efficacy.

DISCUSSION

The development of G12Cis was a major breakthrough in experimental therapeutics, yet 

their efficacy in the clinic has thus far been modest. The existence of multiple G12Ci 

resistance mechanisms indicates that combination therapies will be required to maximize the 

impact of these remarkable drugs. This need is particularly acute for the NSCLC subgroups 

with co-mutations in STK11 and/or KEAP1, as well as for tumors of other histotypes (e.g., 

CRC) with KRASG12C mutations. We identified recurrent synthetic lethal (SL) genes with 

G12Cis that span a range of functional classes, including genes in pathways related to 

Hippo and RHO signaling, tRNA processing, and heparan sulfate biosynthesis, as well as 

several novel kinases. Our results provide a landscape of potential new targets for future 

combination strategies, some of which can be tested rapidly in the clinic, others of which 

will require new drug development.

Two earlier studies used a similar CRISPR/Cas9 screening approch to search for G12Ci SL 

genes. Lou et al. (53) surveyed a NSCLC line, H358, and the PDAC line MIAPaCa-2, each 

maintained in 2D culture and treated with a tool G12Ci (ARS-1620). Han et al. studied 

H23 cells, which were also used here, maintained in 2D and 3D suspension (54). The “hits” 

in the earlier papers reveal some shared dependencies with our study (e.g., ELP3, ELP4, 

PKN2, RPN1 in the H358 screen; EXT1, WWTR1, SHOC2 in MIAPaCa-2 cells, PGM3 in 

the 2D component of the 2D vs 3D screen; compare with Fig. 1D with References 43,44). 

Overall, however, the majority of our shared SL genes escaped detection in the prior studies, 

most likely because of differences in screening conditions, cell systems (including tumor 

histotype and co-mutations), the number of lines surveyed, and possibly the use of G12Cis 

at different stages of clinical development. In addition to expanding the landscape of G12Ci 

resistance genes and pathways, we also provide insight into resistance to G12Ci/SHP2i 

combination therapies.

Our G12Ci and G12Ci/SHP2i combination screens both identified the YAP/TAZ/TEAD 

pathway as a route to resistance in vitro and in vivo. We validated these findings 

genetically and pharmacologically using multiple cell lines, GEMM and CDX models, 

and two different modes of TEAD inhibition. Importantly, we also find evidence that this 

pathway is activated in mouse and human models of G12Ci and G12Ci +SHP2i-resistance. 

These findings comport with previous results implicating the YAP/TAZ/TEAD pathway in 

resistance to other targeted therapies (40,41) including MEKi and BRAFV600E inhibitors 

(36,55). Moreover, while our manuscript was in preparation, Hagenbeek et al. (56) reported 

the development of allosteric TEAD inhibitors and demonstrated their ability to block 

adaptive resistance to G12Ci treatment, while Adachi et al. (57) found similar effects of 

YAP1 deficiency in a limited number of NSCLC lines and H358 xenografts. Other TEAD 

inhibitors are already in phase 1 clinical trials (NCT05228015 and NCT04665206), and 

preliminary results indicate that at least one, VT3989, is safe with manageable toxicity (19).
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We observed that YAP nuclear translocation and activity are induced by G12Ci treatment. 

At first glance, this finding was somewhat surprising, because previous work showed that 

LKB1 (encoded by STK11) antagonizes YAP activation by activating a PAR1->Scribble-

>MST2->LATs pathway; accordingly STK11−/− cells, as we screened here, should already 

have significant YAP activation (58). Indeed, consistent with the findings of Mohseni et 
al., >50% of H2030 and 2122 cells show at least some nuclear localization of YAP (Fig. 

3G-H, Supplementary Fig. S3C-D). This level of YAP activation could contribute to the 

relative refractoriness of STK11−/− NSCLC to multiple therapeutics (58) but it is clearly 

inadequate to confer complete G12Ci resistance in vitro or in vivo. Multiple feedback 

pathways serve to limit YAP/TAZ/TEAD signaling (40) which dampen YAP activation in 

STK11-deficient cells and help explain this apparent paradox. Alternatively, or in addition, 

LKB1 activates DBL, a RHO-GEF(59). Hence, RHO levels are likely to be lower in 

STK11−/−, compared with STK11-replete cells, and thus inadequate to drive sufficient YAP 

translocation/activation to confer resistance.

Adachi et al. also observed G12Ci-induced YAP translocation in STK11-replete H358 

cells and in LU65 cells, which are STK11−/−, but our studies differ in mechanistic 

detail. They reported that G12Ci treatment induces Scribble mislocalization, which leads 

to decreased MST2/LATS suppression of YAP nuclear localizaton. Although this model 

could be particularly relevant for STK11-replete cells, STK11−/− cells should already have 

mislocalized Scribble (58). By contrast, we find that MRTX-849 treatment induces the 

transcription of genes encoding multiple RHO paralogs and GEFs, as well as RHO targets, 

actin regulators, and myosins (including myosin-II). RHO, acting though the actomyosin 

cytoskeleton, is also known to promote YAP activation (40,41). Furthermore, earlier work 

found that RHOA is necessary for the transformation induced by mutant KRAS (60–62) and 

for KrasG12D-driven lung adenocarcinoma (42), while suppressing ERK/MAPK signaling in 

cancer cells can result in increased RHOA activation (63). Consistent with our observations, 

inhibiting the RHO effector ROCK blocks MRTX-849-induced YAP nuclear translocation 

and adaptive resistance. The relationship between the MST2/LATS and RHO pathways 

for YAP activation remains controversial; specifically, it is unclear whether RHO acts 

via the MST2/YAP pathway or whether the latter is merely permissive for the former 

(40,41,44). Similarly, it is conceivable that Scribble mislocalization and RHO activation act 

in parallel in KRASG12C NSCLC cells; in this regard, we note ROCK inhibitor treatment 

appeared to block YAP translocation only partially (Fig. 3G-H, Supplementary Fig. S3C-D). 

Alternatively, another RHO effector (e.g., mDIA, PKN) might play a role in YAP/TEAD 

pathway activation (Supplementary Fig. S3E). A possible role for PKN is particularly 

attractive, as it is also a SL target in our MTRX-849 screen.

Future studies are necessary to reveal how this RHO “regulome” is induced by G12Ci 

treatment, which RHO-GEFs are particularly important for increased RHO activity, and 

whether other RHO effectors are also important for YAP/TEAD pathway activation. 

Regardless, our finding that Y27632 enhances the effects of MRTX-849 raises the 

possibility that pharmacologically useful ROCK inhibitors, such as Fasudil, which is 

approved in Japan and China for the treatment of cerebral vasospasm (64), or others (65,66) 

might be repurposed for combining with G12Ci. ROCK inhibitors are not associated with 

proteinuria, and thus could avoid the major drug-related side effect of TEAD inhibition (65).
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Adachi et al. also reported that, once activated, YAP drives increased expression of MRAS, 

which, by promoting assembly of the MRAS/SHOC2/PP1 complex, bypasses adaptive 

resistance to G12Ci. In agreement with their results, we also observed increases in MRAS 

RNA in adagrasib-treated H2030 and H2122 cells. Future studies should clarify the interplay 

between MRAS and RHO signaling in regulating Hippo signaling and adaptive resistance.

In addition to the RHO/YAP/TEAD pathway, we also validated two kinases (VRK1, 

RIOK2) and two tRNA-modifying enzymes (ELP3, ELP5) that scored as G12Ci SL 

genes. VRK1 was previously reported as a “collateral lethality” in glioblastoma, owing to 

methylation and lack of expression of its paralog VRK2 in this malignancy. VRK1 depletion 

in these VRK2-deficient cells levels leads to a G2/M phase arrest, followed by DNA damage 

(67,68). By contrast, VRK2 is expressed in NSCLC. We could not identify antibodies 

capable of detecting VRK2 by immunoblotting, but assuming that VRK2 is also expressed at 

the protein level, VRK1 must have specific functions in G12Ci-treated NSCLC cells. RIOK2 

is a relatively unexplored RSK target whose normal function is to promote maturation 

of the 40S ribosome (69). ELP proteins comprise the so-called “elongator complex”, 

which catalyzes tRNA modifications under various stresses. Previous research showed that 

suppression of ELP1 or ELP3 can abrogate vemurafenib in BRAFV600E melanoma (70), 

and that ELPs contribute to EGFR inhibitor resistance in breast cancer cells by promoting 

MCL1 synthesis (71). As the elongator complex has acetyl transferase activity, it might, 

like VRK1 and RIOK2, be amenable to future drug discovery efforts. Furthermore, VRK1, 

ELP3, and ELP5 expression were significantly increased in the AMG-510-resistant patient 

sample, while RIOK2 levels were nominally increased (Supplementary Table S10).

In addition to the SL genes that we validated, our screens have identified other potentially 

targetable gens and pathways. For example, several genes encoding glycolytic enzymes were 

hits in our screens. Several of these genes also showed increased expression infollowing 

adagrasib treatment of lung cancer cell lines (Fig. 1E, 3C, 4B, and Supplementary Table 

3). , and glycolytic pathway genes were also induced in our G12Ci-resistant samples (Fig. 

6G). Mutant KRAS is a well known regulator of glycolysis (72), and STK11 is also a 

critical regulator of metabolism via its substrate AMPK (73). Furthermore, previous studies 

have revealed complex, bidirectional interplay between the Hippo pathway and glucose 

metabolism (74). Additionally, the synthetic lethality with DNA damage genes (Fanconi 

anemia pathway, Fig. 1E) suggests the potential for synergy between G12Cis and some 

conventional chemotherapy agents. Several of these genes also showed increased expression 

in G12Ci-resistant samples (6B, 6F-G). Future work will explore the relationship between 

these and the other SL pathways identified herein and their utility in combination therapy 

with G12Cis.
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STATEMENT OF SIGNIFICANCE

Identification of synthetic lethal genes with KRASG12C inhibitors using genome-wide 

CRISPR/Cas9 screening and credentialing of the ability of TEAD inhibition to enhance 

KRASG12C inhibitor efficacy provides a roadmap for combination strategies.
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Figure 1. Genome-wide CRISPR/Cas9 screens identify MRTX-849 synthetic lethal (SL) genes.
A, Schematic showing CRISPR/Cas9 screening strategy B, Volcano plots showing results 

of genome-wide CRISPR/Cas9 screens of KRASG12C;STK11 co-mutated non-small cell 

lung cancer (NSCLC) cell lines, analyzed by MaGeCK; orange circles indicate select SL 

genes (FDR <0.1) C, Circos plot showing overlap of SL genes in NSCLC lines (FDR<0.1). 

Outside arcs show SL genes within each line. Inside arcs show SL genes shared in multiple 

lines (dark orange) and those unique to individual lines (light orange). Purple lines show 

which cells share a given SL gene. The greater the number of purple links and the size of 
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the dark orange arcs, the greater the overlap of SL genes between cell lines. D, Heat map 

showing select SL genes across the four cell lines. Color code indicates FDR for each gene 

in each line (scale at left). E, Bubble plot indicates enriched pathways (p < 0.05) of SL 

genes (FDR < 0.1). Datasets used for pathway analysis are color-coded as shown on right 

side. Size of circle indicates significance of each pathway assignment.
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Figure 2. Validation of YAP/TAZ/TEAD pathway genes.
A, Trypan blue-based proliferation assays (5 days) on indicated cell lines treated with 

TEAD1 or WWTR1 siRNA, as indicated, and/or MRTX-849 (at IC50), normalized to 

untreated (Control) cells, ****p<0.0001, *** p<0.001, 1-way ANOVA with Tukey’s 

multiple comparisons test. B, Proliferation assays on H2122 cells stably transduced 

with lentiviruses expressing either of two doxycycline-inducible TEAD1 shRNAs or 

control shRNA and treated with MRTX-849 (at IC50) of vehicle with or without prior 

doxycycline (Dox) treatment for 96 hr, ****p<0.0001, 1-way ANOVA with Tukey’s 

multiple comparisons test C, Proliferation assays on 72 hr Dox-induced H2030 and H2122 

cell lines transduced with doxycycline-inducible dominant negative TEAD and treated with 

MRTX-849 (at IC50) or vehicle, as indicated, ****p<0.0001, 1-way ANOVA with Tukey’s 

multiple comparisons test. D-F, MRTX-849 dose-response curves (using modified MTS 

assay) for the indicated mouse cell lines stably overexpressing TEAD1(D), WWTR1 (E), 

YAP1 (F) or YAP1 mutants (G). IC50s were determined by GraphPad Prism.
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Figure 3. MRTX-849 treatment induces RHO/ROCK-dependent nuclear translocation of YAP.
A, H2030 cells were treated with MRTX-849 (at IC50) for 48 hrs, and the activity of the 

TEAD-responsive 8XGIITC-Luc reporter, normalized to a co-transfected Renilla luciferase 

construct, was determined. *p<0.05, Student’s t-test B, Heat map showing results of bulk 

RNA-seq of H2030 and H2122 cells treated with MRTX-849 (at IC50) for 48 hr in triplicate 

C, Bubble plot indicates pathways enriched (p < 0.05) in up-regulated genes (FDR < 0.1). 

Datasets (color-coded) used for pathway analysis are indicated at right with size of circles 

indicating significance. D, Immunofluorescence images showing YAP1 and DAPI staining 
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of representative fields of H2030 cells treated with MRTX-849 (at IC50) for the indicated 

times. E, YAP1 and DAPI immunofluorescence of H2122, H23, and MiaPaca2 cells treated 

with MRTX-849 (at their respective IC50s) for 48 hrs. F, MRTX-849 treatment causes 

increased RHOA activity. H2030 cells were treated with MRTX-849 (at IC50) for 48h, 

and RHOA-GTP was quantified by ELISA. Luminescence at A490nm in treated samples 

normalized to DMSO-treated values is shown. *p<0.05, Student’s t-test G-H, ROCK 

inhibitor treatment impairs MRTX-849-induced YAP1 nuclear localization. The indicated 

NSCLC lines were treated with MRTX-849 (at IC50) with or without the ROCK inhibitor 

Y-27632 (10 μM), and YAP1 localization was assessed by immunofluorescence (with DAPI 

staining to identify nuclei). I, Trypan blue-based proliferation assays on H2030 and H2122 

cell lines treated with MRTX-849 (at IC50) alone or with Y-27632 (10 μM) as indicated, 

normalized to untreated (Control) cells. ****p<0.0001, ***p<0.001, 1-way ANOVA with 

Tukey’s multiple comparisons test. All immunofluorescence images are representative of 

three independent experiments. Scale bar=20 μm
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Figure 4. Whole-genome CRISPR screens for MRTX-849 + TNO155 synthetic lethal genes.
A, Genome-wide CRISPR/Cas9 SL screens of H2122, H23, and H2030 cells in the presence 

or absence of MRTX-849 + TNO155 (at doses described in Results) were analyzed using 

MaGeCK. Select SL genes (FDR<0.1) are indicated by orange circles. B, Bubble plot 

shows pathways (p<0.05) enriched in SL genes (FDR< 0.1). Datasets used for analysis are 

color-coded at right; size of circle indicates significance level. C, Circos plot illustrating 

overlap of SL genes (FDR<0.1) between lines. D, Trypan-blue-based proliferation assays 

on H2030 and H2122 cell lines transfected with TEAD1 siRNA (where indicated) or 
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scrambled control siRNA and treated with vehicle or MRTX-849 and/or TNO155 (at half the 

IC25 for both drugs) , as indicated. . ****p<0.0001, 1-way ANOVA and Tukey’s multiple 

comparisons test E, Proliferation of H2122 cells expressing two different TEAD1 shRNA 

and treated with MRTX-849 and/or TNO155, as indicated (IC25 dosage for both of the 

drugs). ****p<0.0001, 1-way ANOVA and Tukey’s multiple comparisons test F, Effects of 

dominant negative TEAD and MRTX-849 and/or TNO155 (IC25 dose) on proliferation of 

H2030 and H2122 cells. ****p<0.0001, 1-way ANOVA and Tukey’s multiple comparisons 

test. G, Representative YAP1 and DAPI immunofluorescence images (from 3 independent 

experiments) of H2030 cells treated with MRTX-849+TNO155 (each at respective IC0) for 

48 hrs.

Mukhopadhyay et al. Page 29

Cancer Res. Author manuscript; available in PMC 2024 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. TEAD inhibition enhances efficacy of MRTX-849 in KRASG12C-mutant cancers.
A, Trypan blue-based proliferation assays (6 days) on H2122, H2030, HCC-44, and H23 

lines treated with MYF-03–176 (1μM) and MRTX-849 (at IC50 for each line) alone or in 

combination. ****p<0.0001, 1-way ANOVA and Tukey’s multiple comparisons test B-D, 
Proliferation assays on the indicated cell lines using VT104 (1μM) and MRTX-849 (at IC50 

for each line) alone or in combination, ****p<0.0001, 1-way ANOVA and Tukey’s multiple 

comparisons test, #synergy by Bliss independent analysis. E-F, Relative change in tumor 

volumes after withdrawal of treatments at Day 30, *p <0.0001, 2-way ANOVA.
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Figure 6. G12Ci- and G12Ci/SHP2 inhibitor-resistant GEMM and patient samples induce 
pathways overlapping with SL genes:
A, Representative MRI images of KCL mice showing successive development of 

MTRX-849 and MRTX-849/SHP099 resistance B, (Left) Select enriched pathways (p< 

0.05) for genes upregulated in MRTX-849-resistant KCL tumors (FDR < 0.1), (Right) 

GSEA demonstrating increased expression of YAP-TAZ signature genes in these tumors. 

C, Snapshot of RPPA showing increased YAP/TAZ levels in MRTX-849-resistant nodules; 

see also Supplementary Table S7. D, (Left) Select enriched pathways (p< 0.05) for genes 

upregulated in MRTX-849/SHP099-resistant KCL tumors (FDR < 0.1). (Right) GSEA 

demonstrating increased expression of YAP-TAZ signature genes in these tumors. E, 
Snapshot of RPPA showing increased YAP/TAZ levels in MRTX-849/SHP099-resistant 
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nodules; see also Supplementary Table S9. F-G, Pathway analysis on sc-RNAseq of cells 

from fresh tumor biopsies of patients with G12Ci (AMG510)- or G12C/SHP2i (MRTX-849 

+TNO155)-resistant NSCLC, as indicated.
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Figure 7. Validation of selected additional targets from screens:
A-B, Trypan blue-based proliferation assays (5-days) on H2030, H2122, and H23 cells 

transfected with RIOK2, VRK1, or scrambled siRNAs and/or treated with MRTX-849 (at 

IC50), as indicated. ****p<0.0001, ***p<0.001, **p<0.01, 1-way ANOVA and Tukey’s 

multiple comparisons test C, Trypan blue-based proliferation assays (7 days) on H2030 and 

H2122 cells treated with VRK-IN-1 (10 μM) and/or MRTX-849 (at IC50), as indicated. 

****p<0.0001, ***p<0.001, **p<0.01, 1-way ANOVA and Tukey’s multiple comparisons 

test D-E, Same as A-B, but with ELP3, ELP5, or scrambled siRNAs, as indicated. F, Trypan 
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blue-based proliferation assays on H2030 and H2122 cells transfected with scrambled or 

ELP5 siRNAs and treated with MRTX-849 and/or TNO155 (at IC25 of each drug in 

each line) as indicated. ****p<0.0001, ***p<0.001, **p<0.01, 1-way ANOVA and Tukey’s 

multiple comparisons test, G-I, Trypan blue-based proliferation assays on H2122 or H2030 

cells stably transduced with doxycycline-inducible ELP3, RIOK2, ELP5, or control shRNA 

or control shRNA, exposed to Dox for 96 h, and treated with MRTX-849 (at IC50 for each 

line), as indicated, ****p<0.0001, 1-way ANOVA and Tukey’s multiple comparisons test
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