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ABSTRACT
◥

Although KRASG12C inhibitors show clinical activity in patients
with KRAS G12C mutated non–small cell lung cancer (NSCLC)
and other solid tumor malignancies, response is limited by
multiple mechanisms of resistance. The KRASG12C inhibitor
JDQ443 shows enhanced preclinical antitumor activity combined
with the SHP2 inhibitor TNO155, and the combination is
currently under clinical evaluation. To identify rational combi-
nation strategies that could help overcome or prevent some types
of resistance, we evaluated the duration of tumor responses to
JDQ443 � TNO155, alone or combined with the PI3Ka inhibitor
alpelisib and/or the cyclin-dependent kinase 4/6 inhibitor ribo-
ciclib, in xenograft models derived from a KRASG12C-mutant
NSCLC line and investigated the genetic mechanisms associated
with loss of response to combined KRASG12C/SHP2 inhibition.
Tumor regression by single-agent JDQ443 at clinically relevant
doses lasted on average 2 weeks and was increasingly extended by
the double, triple, or quadruple combinations. Growth resumption
was accompanied by progressively increased KRAS G12C amplifi-
cation. Functional genome-wide CRISPR screening in KRASG12C-

dependent NSCLC lines with distinct mutational profiles to iden-
tify adaptive mechanisms of resistance revealed sensitizing and
rescuing genetic interactions with KRASG12C/SHP2 coinhibition;
FGFR1 loss was the strongest sensitizer, and PTEN loss the
strongest rescuer. Consistently, the antiproliferative activity of
KRASG12C/SHP2 inhibition was strongly enhanced by PI3K inhi-
bitors. Overall, KRAS G12C amplification and alterations of the
MAPK/PI3K pathway were predominant mechanisms of resis-
tance to combined KRASG12C/SHP2 inhibitors in preclinical set-
tings. The biological nodes identified by CRISPR screening might
provide additional starting points for effective combination
treatments.

Significance: Identification of resistance mechanisms to
KRASG12C/SHP2 coinhibition highlights the need for additional
combination therapies for lung cancer beyond on-pathway combi-
nations and offers the basis for development of more effective
combination approaches.

See related commentary by Johnson and Haigis, p. 4005

Introduction
The RAS superfamily (KRAS, HRAS, and NRAS) of membrane-

bound GTPases regulate a variety of processes linked to cell differ-
entiation, proliferation and survival, by acting as molecular switches
for signaling pathways includingMAPK andPI3K–AKT.Mutations in
the KRAS isoform, in particular codon-12 missense mutations, pro-
mote its constitutive activation and are common oncogenic drivers for
human cancer (1–4). These mutations inhibit transition of active,
GTP-bound KRAS to its inactive GDP-bound state by rendering it
insensitive to the action of GTPase activating proteins that promote
GTP hydrolysis (5–7). A common oncogenic KRAS mutation that

bears a cysteine-for-glycine substitution at codon 12 (KRASG12C) is
associated with residual GTP hydrolysis rates that are amenable to
targeting the KRASG12C–nucleoside complex in its inactive (GDP-
bound) form (8, 9). Covalent modification of the C12 thiol irreversibly
traps KRASG12C in the inactive state by preventing GTP loading by
nucleotide exchange factors such as Son of Sevenless (SOS), and several
such covalent KRASG12C inhibitors (i)—with target specificity con-
ferred by a dynamic binding pocket under the KRAS Switch II loop
adjacent to the nucleoside binding site—have demonstrated clinical
efficacy to date against KRASG12C-dependent solid tumors (10–12).
Multiple mechanisms of KRASG12Ci treatment resistance and MAPK
pathway reactivation have been identified, including KRAS mutations
affecting drug binding or nucleoside cycling, KRAS amplification,
mutations in upstream activators or downstream components of
MAPK signaling, and alterations to orthogonal pathways such as
PI3K and WNT (13–24).

Novel KRASG12Ci and rational combination strategies may help
overcome or prevent some types of resistance. One such may be to
combine a KRASG12Ci with an inhibitor of Src homology region
2-containing protein tyrosine phosphatase 2 (SHP2), which positively
regulates RAS activation downstream of activated receptor tyrosine
kinases (RTK) by forming a complex between SOS and SHP2-binding
RTK signaling adaptors (25). Such a combinationwould be expected to
reduce RTK-mediated GTP nucleoside exchange, elevating the pool
of inactive GDP-bound KRASG12C and increasing KRASG12Ci target
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occupancy (13, 20). Furthermore, reduced nucleoside exchange
might also impair KRASG12Ci treatment-associated reactivation of
signaling by both mutant and wild-type RAS paralogues, irrespec-
tive of upstream RTK activity (13, 14, 18, 21). We have previously
shown promising antitumor and pharmacokinetic/pharmacody-
namic (PK/PD) activity in xenograft and PDX models for a com-
bination of the novel KRASG12Ci JDQ443 (20, 26), and the SHP2i
TNO155 (27), and such KRASG12Ci þ SHP2i combinations are
currently under clinical evaluation. Herein, we describe, in mouse
models using a non–small cell lung cancer (NSCLC) xenograft, the
durability and associated PK/PD of KRAS G12C-mutated tumor
response to JDQ443, with and without concomitant TNO155 and/or
inhibitors of the RAS-associated pathway components PI3K (PI3Ki)
and cyclin-dependent kinase 4/6 (CDK4/6i). We also describe genes
and pathways associated with sensitivity and adaptive resistance to
KRASG12Ci � SHP2i identified by genome-wide CRISPR knockout
in a panel of KRAS G12C-mutated cell lines, and validate the com-
bination benefit between KRASG12Ci and SHP2i with inhibitors of
other pathways identified in the CRISPR screen.

Materials and Methods
Compounds and antibodies

All inhibitors were synthesized at the Novartis Institutes for Bio-
Medical Research. Recombinant human FGF was purchased from
R&D Systems (Catalog no. 3718-FB). All antibodies were obtained
from Cell Signaling Technology: phospho-p44/42 MAPK (ERK1/2;
Thr202/Tyr204; Catalog no. 4370); phospho-Akt (Ser473; #9271);
phospho-S6 ribosomal protein (Ser235/236; #2211); phospho-S6 ribo-
somal protein (Ser240/244; #2215), cleaved PARP (Asp214; #9541);
CAS9 (S. pyogenes; #14697); HRP-linked anti-rabbit IgG (#7074);
HRP-linked anti-mouse IgG (#7076).

Xenograft generation and in vivo PD assessments
LU99 was provided by RIKEN BRC (SCR_003250) through the

National BioResource Project of theMEXT, Japan. LU99 xenografting,
JDQ443 target occupancy (LC/MS) and DUSP6 expression analyses
(quantitative RT-PCR) were performed as previously described (20)
under the same ethical and regulatory frameworks. Ras activation was
assessed with pulldown assay kits (Cytoskeleton # BK008) following
the manufacturer’s protocol. All drugs were dosed orally as aqueous
formulations: JDQ443 and TNO155 in 0.5% methylcellulose/0.1%
Tween-80; alpelisib in 1% carboxymethylcellulose/0.5% Tween-80,
and ribociclib in 0.5% methylcellulose. Target occupancy data were
normalized using the pan-RAS (KRAS, HRAS, NRAS) wild-type
peptide LVVGAGGVGK. Total RAS protein levels were determined
by targeted mass spectrometry of the same pan-RAS peptide;
KRASG12C by peptide LVVVGACGVGK; total KRAS by QGVDDA-
FYTLVR (KRAS1; KRAS-4B specific) or SFEDIHHYR (KRAS2; com-
mon to KRAS-4B and KRAS-4A); NRAS by SFADINLYR, and HRAS
by SFEDIHQYR.

KRAS mRNA expression
KRAS mRNA was assessed by quantitative RT-PCR in 384-well

reaction plates (Applied Biosystems, #4309849) containing 20 ng/well
of RNA. Each well also contained 10 mL of a reaction master mix
comprising5mLof 2xconcentratedOneStepRTqPCRMastermix (iTaq
Universal ProbesOne-step kit, Bio-Rad, #172–5141), 0.5mL primer, 20x
concentrated KRAS probe (Applied Biosystems, #Hs00364282_m1) or
beta actinprobe (IntegratedDNATechnologies, #Hs.PT.39a.22214847),
0.25mLof the iScriptRTase, and1.75mLRNase-freewater. The platewas
sealed with a MicroAmp clear adhesive film (Applied Biosystems,

#4311971) and measured on a 7900HT Fast Real-Time PCR System
(Thermo Fisher Scientific): 50�C for 10 minutes, 95�C for 3 minutes,
then 40 cycles of 95�C for 15 seconds and 60�C for 1minute. KRAS gene
expression was normalized to beta actin using the delta Ct method of
relative quantification (28)with induction fold change calculated relative
to the vehicle (DMSO) control.

Cell culture
Human cancer cell lines were from the Cancer Cell Line Encyclo-

pedia (SCR_013836; ref. 29), banked at Novartis Cell Bank, authen-
ticated by SNP analysis and routinely tested as Mycoplasma-free. All
cell lines were maintained at 37�C in 5% CO2. HEK293T, HEK293A
and MIA PaCa-2 cells were cultured in DMEM medium (Gibco,
#11995–040) supplemented with 10% FBS (Seradigm, #1500–500)
and penicillin (100 units/mL)–streptomycin (100 mg/mL; Gibco,
#15140–122). HCC44, NCI-H23, NCI-H1792, Calu1, NCI-H2030,
NCI-H2122 and NCI-H1373 cells were cultured in RPMI1640 medi-
um (Gibco, #22400–071) supplemented with 10% FBS and penicillin–
streptomycin.

CRISPR screening, experimental procedure and data analysis
Genome-wide CRISPR knockout screening in the presence or

absence of anchor drugs (KRASG12Ci1 � SHP099) was undertaken
as previously described (30) and data analyzed by the procedure of
Dafflon and colleagues (31). The genome-wide single-guide RNA
(sgRNA) library targeted 18,360 protein-coding genes (10 sgRNAs
per gene) and was divided into 3 libraries and transduced into Cas9-
expressing human KRAS G12C-mutated cancer cell lines at a multi-
plicity of infection of 0.5, aiming for an average coverage of 1,000 cells
per sgRNA reagent. Selection was optimized by determining the
puromycin dose required to achieve >95% cell killing in 72 hours.
Cell viabilitywasmeasured for a 6-point dose–response ranging from0
to 20 mg/mL puromycin using the CellTiter-Glo assay (Promega,
#G7570). Additional detail is given in the supplement.

Dose–matrix combination assays
Cells were seeded in 96-well plates at 5000 (NCI-H23), 4000

(NCI-H441), 3500 (Calu1, NCI-H1792, MIA PaCa-2, Calu1) or
2000 (NCI-H1373, HCC44) cells/well in 25 mL growth medium, and
compounds added in a concentration matrix (triplicate assess-
ments) the following day. Cell viability was determined at day 0
(untreated cells) and day 5 by CellTiter-Glo assay (Promega,
#G7570). For a given (triplicate) assay signal S, vehicle signal V,
and corresponding day 0 signal D0, growth inhibition was defined as

100 � ð1� S�D0
D0

Þ, where S < D0, or 100 � ð1� S�D0
V�D0

Þ where S ≥ D0.

Colony formation assay
Cells (0.5 � 104 to 1.0 � 104/well) were seeded into 6-well tissue

culture plates and left to adhere overnight in complete cell culture
medium. The medium was replaced with fresh medium containing
drugs or DMSO vehicle, and cells incubated for 7 to 10 days (DMSO)
or 3 to 5 weeks (drugs) with medium/drug changed twice weekly.
Remaining cells were washed with PBS, and fixed/stained with 0.2%
crystal violet (Fisher Scientific, #C581–25) in 4% paraformaldehyde
(room temp, 30 minutes) before being washed with water (�3) and
dried in air. Cells were washed (�3) with water and allowed to air dry.
Colony formation was quantified using an EPSON Perfection V600
scanner and the ColonyArea ImageJ plugin (32).

Protein extraction and immunoblotting
Cells were lysed in RIPA buffer (Thermo Fisher Scientific, #89901)

supplemented with 100� Protease Inhibitor Cocktail (Sigma, #P8340),
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100 � Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific,
#78427) and 25 units/mL Benzonase Nuclease (Sigma, #E8263). Lysate
was vortexed (30s� 2) and centrifuged for 10 minutes at 13,000 rpm
(4�C). Protein concentration was determined using the DC Protein
Assay Kit (Bio-Rad, #5000112) according to the manufacturer’s
instructions. Proteins were resolved by SDS-PAGE and transferred
to nitrocellulose membranes (Bio-Rad, #1704159EDU) using a
Trans-Blot Turbo Transfer System (Bio-Rad, #1704150EDU) accord-
ing to the manufacturer’s instructions. Membranes were blocked
for 1 hour (room temperature) with 5% Blotting-Grade Blocker (Bio-
Rad, #1706404) in Tris Buffered Saline with Tween 20 (TBST)
(Sigma, #T9039), incubated overnight (4�C) with primary antibodies
diluted in 5% BSA (Akron Biotechnology, #AK8917–0100), washed
with TBST, and incubated with horseradish peroxidase–conjugated
secondary antibody in 5% Blotting-Grade Blocker. Visualization was
with Amersham ECL Western Blotting Detection Reagents (GE
Healthcare, #RPN2106) or SuperSignal West Pico PLUS Chemilu-
minescent Substrate (Thermo Fisher Scientific, #34580) and Amer-
sham Hyperfilm ECL (GE Healthcare, #28906839).

Gene copy analysis
KRAS gene copy number was analyzed using a SYBR Green quan-

titativeRT-PCRassayusing the ERqPCRSupermixuniversal (#A10314,
Invitrogen) on a 7900 HT RT PCR system (Applied Biosystems). KRAS
primers (forward: TGGTCCTTTTCCGTGTGTAGG; reverse: AACT-
CGGAGGCAGATGCATTT) were derived from the EMBL database
using the GCG Prime software package (Genetics Computer Group)
and synthesized by MicrosynthAG. Long Interspersed Element-1
(LINE-1) was used as the reference gene amplimer (forward: AAA-
GCCGCTCAACTACATGG; reverse: TGCTTTGAATGCGTCCCA-
GAG). Genomic DNA (gDNA) samples were extracted frompulverized
frozen tumor tissue using the Qiagen DNeasy Blood and Tissue kit
(#69504) and 1.2 mg (2 mL) was amplified in triplicate in 384-well plates
after addition of 8 mL/well of a mastermix containing 5 mL of 2� assay
mix, 0.2 mL assay ROX (carboxyrhodamine) solution, 0.3 mL
(300 nmol/L) Line-1 or 0.2 mL (200 nmol/L) KRAS primers, and water.
Calibrator human gDNA (Promega, #G3041) was amplified in triplicate
in a 1:4 serial dilution ranging from 0.024 ng/well to 100 ng/well.
Amplification conditions were 95�C 10 minutes; 40 cycles of 95�C
10 s, 60�C 30 s; disassociation gradient 55�C to 5�C 30 seconds. KRAS
gene copy number was calculated using the standard curve method
previously described (33).

Data sharing
The data generated in this study are available within the article

and its Supplementary Data files, and are also available upon
request from the corresponding author. The lp-WGS and RNAseq
data generated in this study are publicly available in the the DNA
DataBank of Japan (DDBJ) at JGAS000643 (https://ddbj.nig.ac.
jp/resource/jga-study/JGAS000643) and the CRISPR screening data
in the SRA database at PRJNA1033544 (https://www.ncbi.nlm.nih.
gov/sra/?term¼PRJNA1033544).

Results
LU99 tumor progression after response to JDQ443
monotherapy is associated with upregulation of KRASG12C

expression
Consistent with previous data (20, 26), oral JDQ443 treatment of

mice bearing LU99 (KRASG12C NSCLC) tumor xenografts resulted
in dose-dependent tumor growth inhibition over the range 10 to
100 mg/kg once daily, with regression occurring at the highest dose.

However, growth resumed at 100 mg/kg after 14 days of treatment
(Fig. 1A).

To investigate the PD and molecular mechanism of progression,
tumors at all three dose levels were harvested and analyzed at end of
treatment (10 mg/kg and 30 mg/kg at day 18, 100 mg/kg at day 32)
when tumor volume had reached approximately 400 mm3. Dose-
dependent reductions in DUSP6 mRNA expression (a PD measure of
MAPK pathway suppression) and free KRASG12C (a PD measure of
JDQ443 target occupancy) were observed at 6 hours post dose on day
18 for 10 mg/kg and 30 mg/kg treatment, but there was no additional
reduction at day 32 in tumors progressing at 100 mg/kg. By 24 hours
post dose, both these PDmeasures at the two lower doses had returned
to approximately vehicle control levels, but in the 100 mg/kg group—
where tumors were progressing after an initial period of regression—
both PDmeasures had increased towell above the control (Fig. 1B). By
contrast, both PDmarkers were inhibited at 24 hours, albeit to a lesser
extent than at 6 hours, in this dosing group on day 10, where regression
was still ongoing (Fig. 1C). The data therefore suggested that
KRASG12C amplification may be linked to the resumption of tumor
growth, which appears to be a common mechanism of resistance in
preclinical and clinical settings (21, 34). Consistent with this, overall
KRAS protein levels in progressing tumors were significantly (�4-
fold) elevated versus vehicle or the lower dosing levels that did not
cause regression (Fig. 1D; Supplementary Fig. S1). Wild-type pan-
RAS proteins were largely unaffected by dose or progression status
(Fig. 1E), indicating a KRASG12C-specific upregulation leading to
inadequate target occupancy and inhibition of the driver oncogene.
KRAS mRNA levels reflected the protein data (Fig. 1F).

Combining JDQ443 with a SHP2 inhibitor delays JDQ443
resistance without altering the mechanism

To address the question of whether upregulation of KRASG12C

expression in progressing tumors was affected by combination with a
SHP2i, we studied the effects of JDQ443þTNO155 treatment in LU99
xenografts.

SHP2 inhibition alone (TNO155 10 mg/kg BID) only partially
inhibited tumor growth compared with strong regression (–58%)
observed for JDQ443 100mg/kg once daily monotherapy. By contrast,
JDQ443þTNO155 (5 or 10mg/kg twice a day) in combination further
improved tumor response (–66% to –76% regression) for both con-
tinuous and intermittent TNO155 dosing (Fig. 2A). A pronounced
extension of regression durability to�24 to 27 days was also observed
upon combination treatment, versus 16 days for JDQ443monotherapy
(Fig. 2A).

As before, tumors were harvested and analyzed at end of treatment
(day 21 for JDQ443 and TNO155 monotherapy, day 36 for combi-
nation treatment) at a volume of approximately 400 mm3. TNO155
alone only weakly inhibited DUSP6 mRNA (Fig. 2B). JDQ443 mono-
therapy of progressing tumors promoted stronger DUSP6 suppression
at 3 hours post dose that declined to similar levels to TNO155
treatment by 24 hours, while free KRASG12C went from strong 3 hours
suppression to slightly above vehicle levels at 24 hours (Fig. 2C). For
combination treatment, in similarly-sized progressing tumors har-
vested later at day 36, there was no additional early suppression of
DUSP6 while 24-hour DUSP6 and free KRASG12C were both substan-
tially higher than vehicle controls (Fig. 2D). Overall KRAS protein
levels were slightly (�1.5-fold) but significantly elevated over controls
at day 21 in progressing tumors treated with JDQ443 alone, but much
more highly elevated (�5-fold) at day 36 under combination treatment
(Fig. 2E; Supplementary Fig. S2A). As before, these elevations were
specific to KRASG12C, as pan-RAS wild-type protein levels (Fig. 2F) as
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well as individual HRAS and NRAS isoform levels (Supplementary
Fig. S2B and S2C) were unaffected by time or treatment. Notably, this
upregulation of KRAS protein was associated with a 3-fold increase in
KRAS gene copy number (4 copies to 12 copies) in day 36 tumors
progressing on combination therapy (Fig. 2G). We also evaluated
whether delayed combination treatment with TNO155 could rescue
early tumor progression on JDQ443 monotherapy. Intriguingly, the
addition of TNO155 (10 mg/kg BID) on day 30 to progressing tumors
receiving JDQ443 monotherapy (100 mg/kg once daily) stabilized
tumor growth through the end of treatment at day 49 (Fig. 2H). These
data therefore suggest that initiating SHP2i treatment in the context of
early KRASG12Ci-induced KRAS amplification might provide clinical
benefit, although clinical data will be needed to explore the duration
and extent of this effect.

PI3K-mTOR-CDK4/6 signaling axis inhibition extends the
duration of KRASG12Ci þ SHP2i antitumor activity in vivo

Alpelisib (a PI3Kai) and ribociclib (a CDK4/6i) augment JDQ443
antitumor activity in patient-derived mouse xenografts of KRAS
G12C-mutant NSCLC and colorectal tumors (20). The impact of
alpelisib and ribociclib on JDQ443þ TNO155 response was explored

in LU99 xenografts, which in addition to KRAS G12C also harbor the
PIK3CA T1025A mutation and a CDKN2A deletion. Neither alpelisib
(50 mg/kg once daily) nor ribociclib (75 mg/kg once daily) had
significant antitumor activity as single agents (Fig. 3A), potentially
due to resistance conferred by the KRAS G12C mutation. In combi-
nation with JDQ443, however, both agents increased tumor regression
over JDQ443monotherapy to an extent comparable to that for seen for
the TNO155 combination—with an approximately 70% tumor vol-
ume reduction at day 14 for both alpelisib or ribociclib combinations
versus �50% for JDQ443 alone—and also comparably extended the
duration of the response (Fig. 3B). Notably, triple combinations of
JDQ443þTNO155 with either alpelisib or ribociclib further extended
the duration of response, while a combination of all four agents gave a
further significant extension (Fig. 3B). The mechanism of tumor
resistance remained the same for all combinations, with increased
KRASmRNA expression (Fig. 3C) and gene copy number (Fig. 3D) in
progressing tumors relative to vehicle controls, with a trend towards
increasing mRNA and gene copy with increasing number of combi-
nation drugs. Copy number analysis of the outgrowing tumors upon
quadruple combination (vs. vehicle control) by lpWGS showed a
heterogeneous pattern across tumors with a minimal, commonly
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A, Lu99 xenograft tumor growth curves under JDQ443 treatment. B, JDQ443 PK and PD at end of JDQ443 treatment (day 18/day 32). C, JDQ443 (100 mg/kg once
daily) PK and PD during tumor regression (day 10). D, Tumor KRAS protein levels (G12C and wild type). E, Tumor wild-type pan-RAS protein levels at end of JDQ443
treatment. F,KRASmRNA fold change versus vehicle at end of JDQ443 treatment. � , P < 0.05 versus vehicle; #, P < 0.05 versus each other; ns, nonsignificant, P ≥ 0.05.
QD, once daily.
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amplified peak region containing the KRAS gene (Supplementary
Fig. S3A). Sequencing counts revealed that the KRAS mutant but not
the KRAS wt allele was amplified (Supplementary Fig. S3B). RNA-seq
profiling and GSEA identified several gene signatures representing
biological processes that might also contribute to the outgrowth of
those tumors (Supplementary Fig. S3C).

Genome wide CRISPR-CAS9 screening to identify genetic
modifiers of response to KRASG12Ci � SHP2i

An unbiased genome-wide loss of function genetic screen was per-
formed to identify genes whose suppression affects the sensitivity of

KRAS G12C-mutated NSCLC cell lines to KRASG12Ci� SHP2i combi-
nations. Screening was performed using CRISPR-Cas9 gene editing in
a panel of five KRAS G12C-mutated NSCLC cell lines (NCI-H1373,
NCI-H1792, HCC44, Calu1, NCI-H23) stably transfected to express
Cas9, with selection by early tool inhibitors of SHP2 (SHP099;
ref. 35) and KRASG12C (KRASG12Ci1 [Araxes WO2014/143659]; Sup-
plementary Fig. S4) as anchor drugs (Fig. 4A). Target activity and
appropriate inhibitor concentrations for screening were established
by colony formation and PD analyses in 9 KRAS G12C-mutated cell
lines comprising the CRISPR screening panel (non Cas9-expressing),
the NSCLC lines H358, NCI-H2122, and NCI-H2030, and the
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pancreatic cancer line MIA PaCa-2. Combination treatment with
KRASG12Ci1 þ SHP099 showed greater dose-dependent colony inhi-
bition (Supplementary Fig. S5) and PD inhibition of MEK and ERK1/2
phosphorylation than KRASG12Ci1 alone (Supplementary Fig. S6), as
well as less GTP-bound active KRAS by GST-RBD pulldown assay
(Supplementary Fig. S7A) and less free KRASG12C (Supplementary
Fig. S7B). From these data, we estimated that adequate on-target
response, particularly with respect to inhibition of KRAS activation
and free KRASG12C, would be achieved by 0.75 mmol/L KRASG12Ci1�
10 mmol/L SHP099, and these concentrations were carried forward into
CRISPR screening.

Sensitizing and rescue genes to KRASG12C inhibition form
distinct functional networks

Across the cell panel, strongly sensitizing genes to KRASG12Ci1 þ
SHP099 fell into two clusters: one involving heparan sulfate proteo-
glycan synthesis involved in RTK ligand presentation and the RTK
FGFR1 itself (including FGFR1, B4GALT7, EXT1, EXT2 and EXTL3;
Fig. 4B), and one involving adaptor and effector genes (including
MAPK1, SHOC2, FRS2, MAPK14, PDCL and CRKL; Fig. 4C). The
strongest individual sensitizer was FGFR1, followed by B4GALT7 and
EXT2 (Table 1). Similar clustering occurred with KRASG12Ci1 as a
single agent, although individual genes showed lower fold changes
between wild-type and knockout cells, and the rank ordering was not
the same as for the combination—particularly FGFR1 that had a
substantially lesser significance in the absence of SHP099 (Supplemen-
tary Fig. S8). No significant sensitizers were observed for SHP099 alone.

Protein interaction network analysis of sensitizers to combination
treatment identified one distinct network comprising FGFR/MAPK/
integrin signaling genes (Fig. 4D), and another involving genes for
heparan sulfate proteoglycan synthesis/RTK ligand presentation
(Fig. 4E).

Using a similar approach, strong rescuers from the activity of
KRASG12Ci1þ SHP099 were also identified (Fig. 4F; Table 1), with
the strongest being PTEN. As with the sensitizers, many of these
rescue genes were also observed for KRASG12Ci1 as a single agent
(Supplementary Fig. S8). Network analysis identified a number of
interrelated nodes corresponding to both vertical and orthogonal
pathways, including the MAPK, PI3K-mTOR-STK11/LKB1, Rho
and YAP pathways, the latter through NF2 loss, plus genes
involved in transcriptional initiation, and genes belonging to the
E3 ubiquitin ligase family (Fig. 4G). A number of these genes,
including NF1, YAP1, KEAP1, MED12, and CIC, have been pre-
viously identified as predictors of sensitivity to BRAF, MEK, and
RTK inhibitors (36–40), and inactivating mutations in KEAP1 �
STK11 are known to reduce clinical response to KRASG12C

inhibition (12).

KEAP1 and STK11mutated KRAS G12C cells show distinct rescue
networks to KRASG12Ci þ SHP2i treatment

Given the association of KEAP1 and STK11 mutations in clinical
KRASG12Ci response, a second analysis was undertaken to identify
genetic modifiers of KRASG12Ci1 þ SHP099 activity in KRAS G12C-
mutated cells carrying mutations in KEAP1 (NCI-H1792) or KEAP1
and STK11 (NCI-H23,HCC44), as opposed to thosewild-type for both
genes (NCI-H1373, Calu1).

No specific sensitizing genes were identified in either KEAP1- or
KEAP1/STK11-mutated cells that were not also present in the other
two groups. By contrast, five sensitizing genes were identified in
KEAP1 and STK11wild-type cells that were not present in themutated
lines (ITGB1, ALG5, DLG5, TM2D1, and TM2D3).

For specific rescuers, 69 genes were identified in theKEAP1/STK11-
mutated group (Supplementary Table S1), and S24 in the in the
KEAP1-mutated group (Supplementary Table S2). In accordance with
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Figure 3.

A, LU99 tumor growth curves for JDQ443, alpelisib, and ribociclib as single agents. B, Growth curves for JDQ443-based combination regimens. C and D, Fold
changes versus vehicle in KRAS mRNA expression (C) and KRAS gene copy number (D) at end of combination treatment. � , P < 0.05. QD, once daily.
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the role of STK11 andKEAP1 as regulators ofmetabolism (41), gene set
enrichment analysis showed the majority of these genes to be involved
in the mitochondrial respiration chain complex 1, the NADH dehy-
drogenase complex, the oxidative phosphorylation pathway, the oxi-

doreductase complex, or present in the inner mitochondrial matrix
(Supplementary Fig. S9). Four rescue genes specific to KEAP1/STK11
wild-type cells were identified (KEAP1, RFWD2, ERF, and PSM6),
mostly associated with NRF2 transcriptional activity.

Genome-Wide CRISPR screening approach
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FGF activity significantly attenuates KRASG12Ci þ SHP2i
treatment effects

The CRISPR data show FGF activity to be implicated in atten-
uating KRASG12Ci þ SHP2i response, both directly via the sensi-
tizing effect of FGFR1 knockout and indirectly through the bio-
synthesis of heparan sulfate proteoglycans, which act as coreceptors
for FGFR1 and other signaling receptors (42). Consistent with this,
and with previous reports that FGFR signaling is not fully mediated
through SHP2 (43), supplementation of cell growth medium with
exogenous FGF (50 ng/mL) partially rescued colony formation
under KRASG12Ci1 þ SHP099 treatment and pERK inhibition

(Fig. 5A and B, respectively, for NCI-H23 cells; with similar results
for other lines). Furthermore, supplementation of growth medium
with the pan-FGFR inhibitor BGJ398 (44) augmented the antipro-
liferative activity of KRASG12Ci1 � SHP099 in colony formation
assays (Fig. 5C for NCI-H23), and further reduced levels of pERK
and pAKT (Supplementary Fig. S10).

Pan-PI3K inhibition shows combination benefit with
KRASG12Ci � SHP2i treatment in cell cultures

Matrix combination studies were undertaken in the CRISPR
screening panel to explore the antiproliferative effects of combining

Table 1. Sensitizer and rescue genes to KRASG12Ci1 þ SHP099 combination treatment.

Sensitizers Rescuers
Gene LogFC P value Gene LogFC P value Gene LogFC P value

FGFR1 –1.7 0.0022 PTEN 3.1 0.0010 TAOK1 1.2 0.0197
B4GALT7 –1.5 <0.0001 KCTD5 2.8 0.0013 CIC 1.2 0.0073
EXT2 –1.5 <0.0001 MED12 2.4 0.0153 NF1 1.2 0.0004
EXT1 –1.4 <0.0001 TAF5L 2.1 0.0156 CTDSPL2 1.2 0.0117
CRKL –1.4 0.0038 PPP2R4 2.0 0.0093 PPP4C 1.2 0.0338
EXTL3 –1.3 <0.0001 TIPRL 2.0 0.0033 MAU2 1.2 0.0268
RER1 –1.2 0.0027 TSC2 1.9 0.0223 SUPT20H 1.1 0.0376
MCL1 –1.1 0.0221 TADA1 1.7 0.0234 DAPK3 1.1 0.0010
TNPO1 –1.1 0.0078 SPRY2 1.6 0.0091 C16orf72 1.1 0.0090
MAPK1 –1.0 0.0015 TSC1 1.6 0.0226 ARIH2 1.1 0.0074
PDCL –1.0 0.0014 PDCD10 1.6 0.0003 ROCK1 1.1 0.0079
SHOC2 –1.0 0.0127 SOCS3 1.5 0.0207 CCNC 1.1 0.1064
RAC1 –1.0 0.0158 CAB39 1.5 0.0060 ROCK2 1.0 0.0015
HS2ST1 –0.9 0.0010 NF2 1.4 0.0049 KEAP1 1.0 0.0547
RAF1 –0.9 0.0271 CYB5R4 1.4 0.0065 UBE2F 1.0 0.0025
GRB2 –0.8 0.0390 CUL5 1.4 0.0007 MED24 1.0 0.1189
GLCE –0.8 <0.0001 TADA2B 1.3 0.0511

Abbreviation: LogFC, log-fold change.
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A and B, Inhibition of NCI-H23 colony formation (A) and pERK (B) under KRASG12Ci1 þ SHP099 with or without exogenous FGF (50 ng/mL). C, Effect of FGFR1
inhibition with BJG398 on NCI-H23 colony formation under treatment with KRASG12Ci1 � SHP099.
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KRASG12Ci1 � SHP099 with inhibitors of upstream and down-
stream/orthogonal RAS pathway components – specifically erloti-
nib (EGFRi), BGJ398 (FGFRi), trametinib (MEKi), alpelisib
(PI3Kai), and GDC0941 (pan-PI3Ki; ref. 45).

Combination results were overall similar for both KRASG12Ci1
alone and KRASG12Ci1 þ SHP099, although greater antiprolifera-
tive effects were seen with the KRASG12Ci1 þ SHP099 treatment.
Fig. 6A–E shows inhibitor matrices (NCI-H23) with KRASG12Ci1
þ SHP099, and Supplementary Fig. S11 the corresponding
NCI-H23 matrices with KRASG12Ci1 alone. Supplementary
Figs. S12–S15 show inhibitor matrices for KRASG12Ci1 � SHP099
in the other four cell lines in the testing panel. With the exception
of NCI-H1792 (Supplementary Fig. S12), the strongest effect in
all cells and combinations was observed with the pan-PI3Ki
GDC0941, and, in general, the second strongest was with the
PI3Ka-specific inhibitor alpelisib. Notably, NCI-H1792 showed an
unusually high dependence on FGFR among the tested cells, with
combination effects seen with BGJ398 þ KRASG12Ci1 � SHP099
that were directly comparable to pan-PI3K inhibition with GDC0941
þ KRASG12Ci1 � SHP099.

The combination benefit observed with pan-PI3K inhibition was
also reflected in long-term (48-hour) cell signaling responses. Across

cell lines, the triple combination of KRASG12Ci1 þ SHP099 þ
GDC0941 showed the strongest inhibition of pERK, pAKT, and
downstream MAPK/PI3K convergence nodes pS6-S235/236 and
pS6-S240/244 (Supplementary Fig. S10).

Discussion
In the LU99 mouse tumor model, loss of response to JDQ443 was

associated with specific upregulation of KRASG12C protein, resulting
from a gene amplification. This is reminiscent of the amplification seen
in some clinical progressions on KRASG12C inhibitors (23), which in
contrast to most low frequency mutations, seemed to mirror clinical
progression (46). While dual, triple and quadruple on-pathway com-
binations of JDQ443 with TNO155, alpelisib and ribociclib signifi-
cantly extended the durability of LU99 tumor response, especially for
the four-drug combination, KRAS amplification and tumor progres-
sion ultimately occurred with every regimen. The stronger the treat-
ment pressure the higher the KRAS G12C gene amplification that was
observed to further outcompete drug binding and inhibition of the
driver oncogene. Thus, in addition to the high risk of treatment-
limiting toxicity with higher-order on-pathway combinations, such
regimens also appear unlikely to prevent clinical resistance driven by
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KRAS amplification, underscoring the need for distinct approaches.
It remains to be seen whether new inhibition modalities such as
covalent ON-state inhibitors, pan-KRAS/pan-RAS inhibitors, or
KRAS degraders (pan- or G12C-specific) will prevent or better control
amplification-based resistance, as they might – respectively – fully
block the oncogenic driver, prevent reactivation of the pathway via
KRAS/RAS wild-type paralogues, or provide a further stoichiometric
advantage through the processive nature of degradation. It also
remains eminently important to assess whether alternative combina-
tion approaches with non-overlapping resistance mechanisms against
KRAS-amplified subpopulations can overcome this mode of resis-
tance, for example, via orthogonal combination approaches that shift
the mechanism to cell killing.

While not preventing eventual resistance, the combination of
a KRASG12Ci and a SHP2i provided a significant increase in LU99
tumor response over KRASG12C inhibition alone, and it is inter-
esting that the benefit of JDQ443 þ TNO155 was apparent whether
the combination was administered ab initio (wherein tumor regres-
sion was extended and increased in magnitude) or following early
loss of tumor response to JDQ443 as a single agent (wherein further
tumor growth was curtailed for an extended period). Of note, recent
clinical data for the KRASG12Ci sotorasib plus the SHP2i RMC-4630
in KRAS G12C-mutated NSCLC showed responses in three of six
KRASG12Ci-na€�ve patients compared with none of six KRASG12Ci-
experienced patients (47). However, mechanistic interpretation of
these data is limited because neither time of initiation after initial
KRASG12Ci failure nor the cause of KRASG12Ci resistance was fixed
in this trial. Further in vivo studies to explore immediate versus
delayed KRASG12Ci þ SHP2i combinations in the context of KRAS
amplification are merited.

Currently, about half of the clinical resistance landscape cannot be
explained by mutational or copy number alterations andmight be due
to adaptive signaling resistance mechanisms. A complex and inter-
connected network of genes and pathways involved in modifying
response to KRASG12Ci � SHP2i activity was identified by genome-
wide CRISPR knockout. The observation that FGFR1 inactivation was
the strongest individual sensitizer to combination treatment across a
panel ofKRASG12C-mutated cell lineswas confirmed by the results on
cell proliferation of both FGF supplementation and FGFR inhibition,
and is consistent with the ability of FGFR signaling to bypass SHP2 in
some settings (42, 48). Also of relevance, FGFRiþMEKi treatment is
synergistic in KRAS-mutated cancers due to feedback engagement of
FGFR1 under MEK inhibition (49). The identification of PTEN as the
strongest rescuer from KRASG12Ci1 þ SHP099 activity, along with
TSC1 and TSC2, is consistent with the known reduction of MAPK-
pathway inhibitor activity associated with hyperactivation of PI3K–
AKT signaling (50). PI3K is a RAS effector; an association between
RAS association and the catalytic domain p110a is essential for lung
tumormaintenance (51), and its disruption bymutations in the p110a
RAS-binding domain is protective against KRAS-mutant tumor for-
mation inmousemodels (52).However, asPIK3CAwas not implicated
in the CRISPR screen, it appears that orthogonal activation by RTKs
was the primary mechanism of PI3K–AKT–mTOR pathway activity
in this system, either alone or in combination with RAS-mediated
activation.

Several other CRISPR-identified rescue genes and pathways are
consistent with data in the literature. KEAP1 knock-out acting as
rescuer to KRASG12C -inhibition is to be expected, given the poorer
response to sotorasib observed in KEAP1-mutated KRAS G12C
NSCLC (12) The association of multiple genes associated with mito-
chondrial respiration as rescuers in KEAP1- and KEAP1/STK11-

mutated cells is of interest given that the KEAP1/NRF2 and STK11
pathways are known to promote RAS independence via metabolic
reprogramming (53). These correlations are however based on a small
number of models (2 vs. 3) and need to be validated in a larger cell
panel.

The mTOR and YAP rescue pathways identified in our screen have
also been discussed as promoting KRAS independence by metabolic
reprogramming, and also by triggering the epithelial-to-mesenchymal
transition (53); YAP pathway activation was recently identified as a
potential adaptive mechanism in a patient with polymorphic resis-
tance to sotorasib (54). Previous studies demonstrate Tead coopera-
tion with AP1 transcription factors to coordinate target gene tran-
scription in cancer (55) and show strong potential of combined
targeting of the Hippo and MAPK pathways in KRAS-dependent
tumors while YAP activation was shown as resistance mechanisms to
MAPK inhibition (56, 57).

Finally, rescue genes identified from the CUL5 E3 ubiquitination
complexes have been implicated as modifiers of RAS-associated path-
ways, with CUL5 and ARIH2 as resistance genes to thymidine kinase
inhibitors targeting EGFR-mutant NSCLC (58).

In conclusion, we have identified a number of potential pathways of
adaptive clinical resistance to KRASG12C inhibitor activity, with or
without augmentation by inhibitors of SHP2, from polyclonal out-
growth of KRAS G12C-amplified cells to interconnected networks and
pathways of highly variable function. CRISPR screening identified
important roles for the FGFR1-MAPK and PI3K axes, but, notably,
targeting these axes did not result in strong cell death in culture
experiments, although it did augment KRASG12Ci þ SHP2i antiproli-
ferative activity. Taken together, this work identified the FGFR1 and
PI3Knodes as potential combination partners in the resistance setting to
KRASG12C þ SHP2 inhibition that warrants further investigation to
support potential clinical investigations. The more novel pathways
identified, like the YAP, CUL5-SOCS3, SAGA andmediator complexes,
and the mitochondrial respiration pathways identified as important
rescuers in KRAS G12C/KEAP1 co-mutated cells, may also provide the
basis for further exploring alternative combination approaches.
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