
Article https://doi.org/10.1038/s41467-024-51828-2

RAS-ON inhibition overcomes clinical
resistance to KRAS G12C-OFF covalent
blockade

Marie-Julie Nokin1,12,13, Alessia Mira2,13, Enrico Patrucco 2, Biagio Ricciuti3,
Sophie Cousin4, Isabelle Soubeyran5, Sonia San José1,6, Serena Peirone 7,8,
Livia Caizzi8, Sandra Vietti Michelina2, Aurelien Bourdon5, Xinan Wang3,
Daniel Alvarez-Villanueva9, María Martínez-Iniesta 9, August Vidal 9,
TelmoRodrigues10, CarmenGarcía-Macías 10, MarkM. Awad3, Ernest Nadal 11,
Alberto Villanueva 9,11, Antoine Italiano 4 , Matteo Cereda 7,8 ,
David Santamaría 1,6 & Chiara Ambrogio 2

Selective KRASG12C inhibitors have been developed to covalently lock the onco-
gene in the inactive GDP-bound state. Two of these molecules, sotorasib and
adagrasib, are approved for the treatment of adult patients with KRASG12C-muta-
ted previously treated advanced non-small cell lung cancer. Drug treatment
imposes selective pressures leading to the outgrowth of drug-resistant variants.
Mass sequencing from patients’ biopsies identified a number of acquired KRAS
mutations -both in cis and in trans- in resistant tumors.Wedemonstrate here that
disease progression in vivo can also occur due to adaptive mechanisms and
increased KRAS-GTP loading. Using the preclinical tool tri-complex KRASG12C-
selective covalent inhibitor, RMC-4998 (also known as RM-029), that targets the
activeGTP-bound (ON) stateof theoncogene,weprovideaproof-of-concept that
the clinical stage KRASG12C(ON) inhibitor RMC-6291 alone or in combination with
KRASG12C(OFF) drugs can be an alternative potential therapeutic strategy to cir-
cumvent resistance due to increased KRAS-GTP loading.

KRAS is the most frequent human oncogene taking into account both
its high prevalence and its broad cancer distribution1. This has led to
tremendous efforts in the last decades aimed at designing clinically
relevant treatments that have nonetheless invariably produced dis-
appointing results. Medicinal chemistry approaches based on the

pioneering work by Shokat and colleagues2 have resulted in the
development of two specific inhibitors of the KRASG12C allele—
sotorasib3,4 and adagrasib5,6. These drugs bind to a switch II region
pocket accessible when KRAS is in the GDP-bound inactive state
(RAS(OFF) inhibitors). Upon binding, both compounds covalently
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engage with the mutant cysteine, irreversibly locking the oncogene in
its inactive form (reviewed in ref. 7). Thefirst clinical trials investigating
these agents in patients with previously treated advanced non-small
cell lung cancer (NSCLC) harboring KRASG12C mutation showed very
promising results with response rates ranging between 37% and 45%
and disease control rates of 81 and 96% respectively3. Based on these
results, sotorasib3,4 and adagrasib5,6, were granted FDA accelerated
approval. Yet, recent clinical findings highlighted that the degree of
therapeutic benefit appears limited8. This could be in part due to the
evidence that, as observed for other targeted therapies, almost all
patients experiencing clinical benefit upon treatmentwith sotorasib or
adagrasib will develop resistance9. Importantly, the mechanisms of
resistance to KRAS inhibitors have only been clarified in less than half
of NSCLC and colorectal cancer patients7,10. Whether resistance to
therapy in the remaining fraction is due to signal adaptation engaging
the RAS pathway as reported in vitro11 remains to be elucidated.
Therefore, the identification of additional resistance mechanisms and
the elucidation of alternative treatments to circumvent them is an
urgent medical need.

Here, we take advantage of a series of paired pre- and post-KRASi
resistance patient samples, patient-derived orthoxenografts (PDOX),
and cell lines generated from a patient with KRASG12C-mutant lung
adenocarcinoma (LUAD) who developed resistance to sotorasib to
explore potential therapeutic approaches in this setting. Our results
suggest that adaptive resistance due to an increase in KRAS expression
and GTP-loading with the contribution of wild-type KRAS as reported
in preclinical models11–13 is also a relevant feature in patients. Using the
preclinical tool compound RMC-4998, a recently described tri-
complex inhibitor that selectively targets the active GTP-bound state
of KRASG12C14, alone or in combination with KRASG12C(OFF) drugs, we
also demonstrate that KRASG12C(ON) inhibition is a potential ther-
apeutic strategy to re-sensitize resistant LUAD to KRAS inhibition.

Results
Patient, clinical record, and treatment history
A former smoker patient was diagnosed with stage IV KRASG12C (c.34
G > T) positive lung adenocarcinoma (LUAD), PD-L1 <1%, and was
refractory to two prior lines of therapy consisting of cisplatin plus
vinorelbine and atezolizumab. The patient had a left pectoral muscle
lesion, mediastinal lymphadenopathies, fourth right rib lesion, peri-
toneal carcinomatosis, and a series of previously irradiated stable brain
metastases. The patient was therefore enrolled in the AMG-510-
20170543 phase I/II clinical trial (CodeBreaK100 NCT03600883) and
received AMG-510 (sotorasib, 960mg once a day) with clinical benefit
and initial stable disease within six weeks (−23% according to RECIST
version 1.1). The patient was biopsied at this point (stable disease, SD),
andwhole-exome sequencing (WES)wasperformed. Thiswas followed
by a second biopsy from a progressive lesion (cycle 5, 12 weeks after
initiation of treatment, progressive disease, PD) (Fig. 1A, B).

To unravel potential mechanisms of drug resistance, we carried
out a comparative analysis of the WES results from the two sequential
biopsies (see Methods). We found that disease progression was
accompanied by altered allelic frequencies of a subset of putative
drivermutations (Table 1). No secondarymutations affecting the KRAS
oncogene were identified in addition to the original G12C driver
alteration. Interestingly, the variant allelic frequency (VAF) of G12C
decreased ~0.5-fold, moving fromVAF = 0.89 to VAF =0.39 status after
6 additional weeks of treatment (Fig. 1C).

Monoclonal tumor evolution in response to treatment
To functionally evaluate the potential contribution of somatic
acquired alterations to the onset and progression of the drug-resistant
phenotype, we performed orthotopic implantation of the sotorasib-
resistant patient-derived biopsy at tumor progression in the lung of
one athymicmouse15. The grafted tumor was surgically extracted from

the recipient mouse after two months and characterized to confirm
LUAD histopathological features. In addition, the PDOX was used to
derive two independent cell lines thatweremaintained under constant
drug pressure with sotorasib (Suppl. Fig. 1).

Longitudinal sequencing obtained from samples along the entire
process were compared to characterize acquired alterations poten-
tially driving the evolution of this tumor upon treatment (Fig. 2A). We
found that most of the putative driver mutations were shared across
the longitudinal samples (Fig. 2B and Suppl. Fig. 2). This finding sug-
gests the evolution of the dominant clone rather than the expansion of
independent subclones upon treatment (Fig. 2B and Suppl. Data 1). Of
the shared mutations, the decreased allelic frequency of KRASG12C was
confirmed in both PDOX and PDOX-derived cell lines (Fig. 2B, C).
Conversely, VAF of other shared mutations, such as G476W in the
tumor suppressor gene KEAP1, increased in response to the treatment
(Fig. 2B, C). Similarly, VAFof newly acquiredmutations suchasC421Y in
the tumor suppressor gene TGFBR2 increased in the resistant biopsy,
PDOX, and derived cell lines compared to the SD sample (Fig. 2B, C).

Next, we profiled the somatic copy number variations (CNVs) of
the longitudinal lesions to identify driver events as a gain of oncogenes
and loss of tumor suppressor genes (see Methods, Suppl. Data 2).
Overall, we identified 23 known lung cancer genes that changed their
allelic balance when compared to the SD biopsy (Fig. 2D and Suppl.
Data 3). Amongst these genes, KEAP1 showed a heterozygous loss in
the PD biopsy. This result is in line with the increased VAF of KEAP1
G476W (Fig. 1C), thus confirming the acquired clonality of this muta-
tion along the longitudinal samples. Interestingly, we observed a
duplication of the wild-type KRAS allele in the PDOX and derived cell
lines (Fig. 2D). This observation could explain the decreased KRASG12C

VAF detected in the PD biopsy (Figs. 1C, 2C), although the duplication
of the KRASwild-type allele in this sample could not be detected likely
due to low clonal representation in the biopsy.

Next, we aimed to demonstrate the experimental model (PDOX
andderived cell lines) generated in the study faithfully represented the
clinical sample at PD. To this end we performed computational
reconstruction of the tumor clone composition towards the long-
itudinal samples. By exploiting driver mutations and cognate copy
number changes (see Methods), we found that a dominant clone
expandedduring sotorasib treatment,with themajority of progressing
tumor cells harboring KRASG12C and KEAP1G476W mutations. This clone
further evolved during treatment with the clonal acquisition of
TGFBR2C421Y and the subclonal heterozygous loss of KEAP1 (Fig. 2E, F).
These results suggest a monoclonal evolution of the tumor that was
conserved during the PDOX generation and the subsequent cell line
generation, thereby validating our experimental approach as a bona
fide model of clinical resistance to sotorasib.

Validation of acquired genetic alterations as putativemediators
of drug resistance
The two PDOX-derived cell lines showed resistance to increasing
concentrations of sotorasib in vitro when compared to a panel of
KRASG12C control cell lines, thereby indicating that the resistant phe-
notype was maintained during the orthotopic procedure and the
derivation of the cellular models (Fig. 3A).

We then used the PDOX-derived cell lines to validate the candi-
datemolecularmediators of the drug-resistant phenotype. Among the
genomic alterations identified in the PD biopsy (Table 1 and Fig. 2B, C)
we decided to first focus on TGFBR2 due to its previously described
tumor suppressive function in LUAD16. The C421Y homozygote altera-
tion identified in the sotorasib-resistant biopsyhasnot beenpreviously
reported.

In vitro characterization suggested an inactivating nature of this
substitution as illustrated by the absence of TGFBR-downstream sig-
naling activation upon TGFβ treatment of the PDOX cells when com-
pared to apanel of control LUADKRASG12C cell lines harboringwild-type

Article https://doi.org/10.1038/s41467-024-51828-2

Nature Communications |         (2024) 15:7554 2

www.nature.com/naturecommunications


TGFBR2. Furthermore, the functionality of the pathway in PDOX cells
was restored upon exogenous expression of wild-type TGFBR2
(Fig. 3B). However, the restoration of an active TGFβ pathway failed to
sensitize the PDOX cells to sotorasib, as shown by the absence of
additive effect with ZIP synergy score close to zero and a negligible
effect in cell proliferation (Fig. 3C–E). Interestingly, the introductionof
the C421Y mutant form in H358 cells resulted in pathway inactivation.
This is probably due to the putative dominant negative effect of the
overexpressed exogenous mutant, further reinforcing the inactivating
impact of this substitution (Suppl. Fig. 3A–C). Importantly, the intro-
duction of exogenous TGFBR2C421Y failed to modify the sensitivity to
sotorasib despite the dominant negative effect exerted by this mutant
on TGFBR-downstream signaling (Suppl. Fig. 3D). Altogether, these

results indicated that TGFBR2C421Y was unlikely to be the main driver of
the sotorasib-resistant tumor-autonomous phenotype in PDOX cells,
at least upon in vitro evaluation.

Next, we evaluated the potential implication of the KEAP1G476W

substitution that was enriched in the tumor biopsy performed at dis-
ease progression with increased allelic frequency between biopsies
(Table 1 and Fig. 2B, C). KEAP1 mutations have been recurrently asso-
ciated with drug resistance in LUAD and other cancers17. Mutations
affecting this residue, including the G476W substitution, have been
previously detected in patients with KRAS-mutant LUAD18. The G476
residue is positioned within a 3D-clustered mutation hotspot19 sug-
gesting a deleterious effect. To investigate its mechanistic relevance,
we generated inducible cell lines to compare the effect of wild-type
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Clonality from 6 to 12 weeks
Increased Decreased

Fig. 1 | Characterization of LUAD disease progression upon sotorasib (AMG-
510) treatment.ATimeline of the patient clinical record.BComputed tomography
(CT scan) images showing the evolution of the patient lesions along the sotorasib
treatment, including baseline (left), 6 weeks (stable disease, SD, center) and
12 weeks (progressive disease, PD, right). The sequential scans demonstrate an
initial stable disease on target lesions: Fourth right rib (top), left pectoral lesion

(center), and umbilical lesion (bottom). The latter progressed with right pleural
effusion and ascites appearance (white arrows), while the remaining target lesions
persisted as stable disease (yellow arrows). C Scatter plot (D) describing the
acquired mutations and their allelic frequencies shared across biopsies on treat-
ment (SD, 6 weeks) and at progression (PD, 12 weeks).
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and G476W forms of KEAP1 on the sensitivity to sotorasib in an iso-
genic background. This approach demonstrated lower protein
expression of the G476W mutant when normalized to the respective
mRNA levels suggesting that thismutation results in decreasedprotein
stability (Fig. 3F and Suppl. Fig. 3E). Nevertheless, induction of wild-
type or G476W KEAP1 expression did not impact cell proliferation nor
response to sotorasib in vitro (Fig. 3G,H and Suppl. Fig. 3F). Altogether
these results suggest that the potential phenotypic consequences
brought about by the KEAP1G476W substitution are, similarly to
TGFBR2C421Y, unlikely to be the main mediators of resistance to sotor-
asib at least when evaluated in vitro. Nevertheless, we cannot exclude
that both TGFBR2 and KEAP1 may play non-cancer autonomous roles
in the acquisition of the sotorasib-resistance phenotype not detectable
upon in vitro evaluation.

Adaptive mechanisms potentially contributing to sotorasib
resistance in patients
Althoughwe cannot exclude that other genetic alterations identified at
disease progression (Table 1 and Fig. 2B), either alone or con-
comitantly, could be involved in the resistant phenotype, we next
considered whether, as previously reported in vitro11,12, adaptive
mechanisms might play a significant role also in patients. Therefore,
we screened a cohort of 92 patients with NSCLC treated with KRAS
inhibitors at Dana-Farber Cancer Institute (DFCI), and we identified 28
patients with paired archived pre- and post-KRAS inhibitor samples.
Interestingly, based on clinically targeted exome sequencing, 10 out of
28 of these patients developed resistance to KRAS inhibitors in the
absence of previously described acquired genomic alterations asso-
ciated with drug resistance. Following quality control filtering, four
patients with pre- and post-KRAS inhibitors tumor biopsies had
enough leftover material for correlative analysis. Of these, 75% were
males, 75% had a history of tobacco use, 75% received sotorasib, and
25% received adagrasib as KRAS inhibitor (Suppl. Table 1). A swimmer
plot depicting time on treatment, overall survival, and timing of post-
KRASi biopsy is shown in Suppl. Fig. 4. Tumor genomic profiling was
performed in75%of these samples anddidnot showany clear genomic
putative resistancemechanism to KRAS inhibition (Suppl. Table 2). To
determine if there were any adaptive resistance mechanisms, we next
performed differential gene expression analysis between baseline and
KRASi-resistant samples and noted significant upregulation of genes

belonging to the RAS signaling pathway (e.g., RACB3, EREG, FGF10,
and FGF18) in post-KRASi samples, while there was a downregulation
of genes involved in metabolic processes (e.g. CYP2C19, CYP2C8,
CYP2C9, CYP3A5, CYP3A7, and CYP7A1) (Fig. 4A). When we performed
gene set enrichment analysis, we observed significant upregulation of
FGFR signaling, E2F targets, MYC targets, and G2M checkpoint among
other pathways in KRASi-resistant samples (q <0.05) (Fig. 4B) sug-
gesting potential changes in the transcriptomic programs of KRASi-
resistant tumors. To further characterize changes between paired pre-
and post-KRASi samples, we performed single sample gene set
enrichment analysis for predefined gene sets involved in RAS signaling
as well as in control pathways, including PTEN/AKT and PI3K signaling
and noted numerically higher enrichment scores of RAS84 and MAPK
signatures20 in KRASi-resistant samples in three out of four patients
(PT1, PT2, and PT4, Fig. 4C). Detailed paired dot plots depicting
changes in mRNA expression in 33 genes belonging to the RAS family
are shown in Suppl. Fig. 5. Altogether, these observations support the
hypothesis that RAS/MAPK signal adaptationmay play a crucial role in
a subset of KRASi-resistant patients.

Reversible sotorasib sensitivity in the absence of therapeutic
pressure
At this point, we hypothesized that, in the context of adaptive resis-
tance, the elimination of the selective pressure imposed by the drug
would phenotypically revert the resistant cells to a sensitive state. To
this end, we maintained cultures of the two PDOX cell clones in the
absenceof sotorasib for 3weeks before re-evaluating their response to
treatment. As shown in Fig. 5A, drug withdrawal partially re-sensitized
both clones to sotorasib when compared to the original clones con-
stantly maintained under the selective pressure of the treatment.
Sotorasib rechallenge was accompanied by the induction of apoptosis
in cells maintained off-drug for 3 weeks (Fig. 5B and Suppl. Fig. 6).
Interestingly, PDOX-derived cell lines constantly maintained on
sotorasib displayed increased KRAS expression at the protein level
(Fig. 5C). This observation suggests that increased KRAS protein levels
potentially contribute to the resistant phenotype on top of the addi-
tional wild-type KRAS allele duplication described above (Fig. 2D).
Importantly, this protein increase was also accompanied by elevated
levels of activeKRAS-GTP, likely applying tobothwild-type andmutant
KRASG12C (Fig. 5C). Indeed, the increased KRAS expression equally
affected the wild-type and G12C alleles as measured by digital droplet
PCR, ruling out potential allele-specific expression phenotypes (Fig. 5D
and Suppl. Data 4). Using a genome-wide SNP-array, we detected
chromosome 12q arm amplification spanning the KRAS locus (Fig. 5E
and Suppl. Fig. 7), thus confirming the ddPCR results. Remarkably, and
in agreement with the adaptive phenotype, the mechanisms control-
ling KRAS protein levels respond rapidly to the selective pressures
imposed by the drug treatment, and the overall KRAS protein levels
return to baseline soon after the removal of sotorasib from resistant
cell lines (Fig. 5F). On the whole, these results are in agreement with
previous in vitro findings11 and support the idea that adaptive
mechanisms leading to augmented KRAS expression and GTP-loading
can contribute to resistance to sotorasib.

The tri-complex inhibitor RMC-4998 overcomes adaptive
resistance to sotorasib
Next, we interrogated whether the increase in overall KRAS activity
upon exposure to sotorasibwould generate a vulnerability when using
recently described compounds such as the pan-KRAS(OFF) inhibitor
BI-2865 targeting both KRASG12C and KRAS wild-type21 or the tri-
complex inhibitor RMC-4998 that selectively targets the GTP-bound
state ofmutant KRASG12C14,22. To this end, sotorasib-resistant PDOXcells
were exposed to increasing concentrations of BI-2865 or RMC-4998
(Fig. 6A, B and Suppl. Fig. 8A). In agreement with the hypothesis that
increased KRASG12C-GTP might be key in the decreased response to

Table 1 | Acquired mutations identified upon progression to
sotorasib

6 weeks 12 weeks

ANK3 W2556C 0.44 0.47

ASTN2 V133L 0.81 0.92

CCNB1IP 1 G229E 0.56 0.57

COL4A2 P1190Q 0.44 0.45

DGKI P508T 0.50 0.47

DST G3002C 0.78 0.70

FAT4 P2581T 0.51 0.81

KEAP1 G476W 0.67 0.81

KRAS G12C 0.89 0.39

PRDM9 M43I 0.42 0.53

SOX17 R125H 0.45 0.47

ZNF536 T153M 0.55 0.40

RBMX A78T - 0.14

RELN R407W - 0.48

TGFBR2 C421Y - 0.84

TP53 R282Q - 0.51

Summary table describing the acquired mutations and their allelic frequencies shared across
biopsies on treatment (SD, 6 weeks) and at progression (PD, 12 weeks).
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Fig. 2 | Genomic characterization of longitudinal samples from sotorasib-
resistant KRASG12C LUAD. A Schematic overview of the longitudinal samples.
B Heatmap showing the variant allelic frequency (VAF) of somatic mutations pre-
sent in at least two of the four longitudinal samples. The top annotation heatmap
depicts the type of mutation, the cognate damaging effect according to CancerVar
(i.e., tier), and the classification of the corresponding gene as cancer genes of lung
or other tumors according to the Network of Cancer Genes. C Scatter plots show
the VAF of selected mutations across the longitudinal samples. D View of

chromosomal amplifications and losses in the longitudinal samples. Oncogenes
(red) and tumor suppressor genes (blue) undergoing amplifications and losses in at
least one sample are shown. Loss of heterozygosity (LOH) events are depicted in
yellow. E Reconstruction of clonal evolution across the longitudinal samples. The
evolution of themajor clones andminor subclones are shown as colored branches.
Tree nodes show samples containing the corresponding clones. F Fish plot visua-
lizes clonal evolution across longitudinal samples. Color codes represent clones
detected as in (E). Source data are provided as a Source Data file.
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sotorasib, the resistant PDOX cells showed higher sensitivity to RMC-
4998. The intermediate sensitivity to BI-2865 suggested that the KRAS
wild-type allele partly contributed to the phenotype (Fig. 6A, B and
Suppl. Fig. 8A). Indeed, to further support the functional relevance of
KRASwild-type in affecting drug sensitivity, we generated an inducible
system to tune its expression in PDOX cell lines (Suppl. Fig. 8B). KRAS
wild-type expression reduced in a dose-dependentmanner the efficacy
of sotorasib and RMC-4998, which exclusively target the mutant
KRASG12C. On the contrary, BI-2865 efficacy was unaffected by

increasing levels of KRAS wild-type, suggesting that in the context of
this adaptive phenotype, both wild-type and KRASG12C should be tar-
geted for optimal therapeutic control (Fig. 6C).

KRAS(OFF)+KRAS(ON) inhibitors combination in vitro and
in vivo
In light of these results, we next evaluated the effect of the KRAS(ON)
RMC-4998 inhibition in vivo in the adaptive resistance context. To
this end, sotorasib-resistant PDOX cells were implanted in
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immunocompromised mice and randomized to perform treatments
withminimal fully efficacious sotorasib dosing according to published
data23. In agreement with the in vitro data and the patient's medical
history, grafted PDOX-resistant cells remained treatment-insensitive
and showed a growth rate indistinguishable from that of vehicle-
treated controls. Interestingly, if the grafted PDOX tumors were
maintained off-treatment, they regained partial sensitivity to sotorasib
upon re-challenging. Remarkably, there was a significant inhibition of
tumor growth upon daily, oral administration of RMC-4998 when
compared to cohorts receiving sotorasib (Fig. 7A). This reduction in
tumor growth was accompanied by a decrease in cell proliferation and
KRAS downstream signaling as measured by immunostaining detec-
tion of phosphorylated histone H3 and ERK1/2 respectively (Fig. 7B).
Furthermore, the extent of tumor KRASG12C target engagement, as
evidenced by the shift in RAS mobility caused by covalent binding of
the respective inhibitors, was increased in tumors from RMC-4998
treated mice when compared to sotorasib treated mice, likely due to
higher KRAS-GTP levels. Likewise, RMC-4998 treatment increased the
levels of the pro-apoptotic protein BIM (Fig. 7C). These results suggest
that enhanced target engagement and elevated cell death could
mediate the improved antitumor activity of RMC-4998.

We next askedwhether combinations of RMC-4998 or BI-2865 with
sotorasib could improve the therapeutic outcome in the resistant set-
ting. We observed superior efficacy of sotorasib+RMC-4998 compared
to sotorasib +BI-2865 in resistant PDOX cells (Fig. 8A). Furthermore, we
tested combinations of RMC-4998 with BI-2865, BI-3406, trametinib,
and tipifarnib, showing variable degrees of synergistic efficacy com-
pared to single agents alone (Suppl. Fig. 9). Considering that combi-
nation treatments with sotorasib could be a feasible strategy to be
implemented in the clinical setting of adaptive resistance to sotorasib,
we further characterized the sotorasib +RMC-4998 and sotorasib +BI-
2865 combinations. Adding RMC-4998 to sotorasib significantly
reduced cell proliferation and decreased downstream signaling com-
pared to sotorasib +BI-2865 (Fig. 8B, C and Suppl. Fig. 10A, B). These
results are in agreement with the hypothesis that combining RAS(OFF)
and RAS(ON) inhibitors in an adaptive resistance context is superior to
combining RAS(OFF) inhibitors. Remarkably, we also observed
enhanced therapeutic efficacy of the combination treatment sotor-
asib +RMC-4998 compared to either single agent treatment in vivo in
PDOX-resistant xenografts (Fig. 8D, E and Suppl. Fig. 10C).

In sum, these preclinical data suggest that the tri-complex
KRASG12C(ON) selective covalent inhibitor RMC-4998 targeting
KRASG12C-GTP may offer an alternative therapeutic strategy for the
treatment of disease relapse following adaptive resistance to
KRASG12C(OFF) covalent inhibitors.

Discussion
The recent advent of compounds allowing direct inhibition of the
KRASG12C oncogene such as adagrasib and sotorasib has initiated a new
era in the clinical management of various KRAS-driven solid tumors
including LUAD. However, despite high initial efficacy, there is a

relatively short progression-free survival due to resistance that devel-
ops in virtually all patients. In this scenario, novel therapeutic strate-
gies are therefore urgently needed.Multiplemechanisms of resistance
have been described in the clinic upon treatment with direct KRAS
inhibitors. The molecular basis driving disease progression has been
clarified in a subset of cases and includes cismutations on the KRASG12C

allele affecting the drug-binding pocket, KRAS amplification, as well as
MAPK/PI3Kmutations10,24,25. The heterogeneity, as well as the presence
of multiple subclonal events of such acquired mechanisms, poses
difficulties in overcoming resistance to KRASG12C covalent inhibitors26.
Yet, the genetic basis underlying disease relapse has not yet been
clarified in a significant fraction of resistant tumors.

Preclinical studies had anticipated adaptation and reactivation of
RAS-ERK signaling in the form of increased KRASG12C-GTP loading as an
additional resistance mechanism11,12,27. Here, we provide in vivo evi-
dence in support of KRASG12C reactivation as amediator of resistance to
sotorasib in patients. A resistant KRASG12C LUAD biopsied upon disease
progression on sotorasib did not present any of the previously iden-
tified mutations which mediate drug resistance by directly affecting
either RAS, upstream receptors, or downstream mediators10,24,27. We
describe the administration of sotorasib selected for the acquisition of
an extra copy of the KRAS wild-type allele across the resistance cells
(Figs. 2, 5). Our interpretation is that fitness advantage on treatment
with KRAS(OFF) inhibitors could, in part, be driven by the wild-type
KRAS allele13, as previously demonstrated with KRAS-LOH (Loss Of
Heterozygosity) tumor cells being more sensitive to MEK
inhibition28,29.

We provide experimental evidence addressing the mechanistic
implication of two putative variants of KEAP1 and TGFBR2 showing
higher mutation allele frequency upon sotorasib resistance compared
to baseline. Although we exclude the participation of KEAP1 and
TGFBR2 alterations as main drivers of tumor-autonomous drug resis-
tance, we cannot rule out that in vivo, mechanisms implicating the
tumor microenvironment may be dependent on these mutations. A
similar rationale could apply to other alterations that were not func-
tionally validated in the current study. Of note, TP53 alterations were
excluded for validation as they have recently been shown to have no
impact on primary resistance to direct covalent G12C inhibitors in
patients with NSCLC30.

Therefore, we alternatively considered signal adaptation as a
potential cause of disease progression. Our results in the index patient
indeed suggest that this is a likely scenario, in spite of the fact that the
SDbiopsywas taken 6weeks on sotorasib treatment, probablymissing
themaximalmolecular response to the drug and therefore attenuating
the magnitude of changes implicated in this adaptation. This hypoth-
esis was further supported by whole transcriptome sequencing on a
series of paired pre- and post-KRASi resistance patient samples lacking
any clear genomic putative resistance mechanism. We identified
transcriptomic correlates of resistance toKRAS inhibitors (Fig. 4), such
as upregulation ofMAPK andRAS84 signatures20. There are limitations
that should be acknowledged relative to whole transcriptome analysis

Fig. 3 | The acquisition of TGFBR2C421Y and the increased allelic frequency of
KEAP1G476W do not drive resistance to sotorasib in PDOX-derived cells. A Cell
viability assay (MTT) was performed with H358, H23, H1792, H2030, H2122, and
PDOX-derived (DSFC3B/C-R) cells treated with the indicated concentrations of
sotorasib for 72 h. B Western blot analysis of TGFβ signaling activation following
treatment with TGFβ (5 ng/mL) for 1 h. Extracts were obtained from parental PDOX
cells as well as those overexpressing exogenous TGFBR2 WT. KRASG12C cell lines
(H23, H2030, and H358) were used as control. C Synergy matrix comparing par-
ental and PDOX cells overexpressing TGFBR2 WT after 72 h in the presence of the
indicated concentrations of sotorasib and TGFβ. D Proliferation curves of PDOX
cells overexpressing exogenous TGFBR2 WT and treated with TGFβ (5 ng/ml) for
the indicated time points. E Cell viability assay (MTT) was performed with PDOX
cells overexpressing exogenous TGFBR2 WT and treated with the indicated

concentrations of sotorasib in the presence or absence of TGFβ (5 ng/ml) for 72 h.
F Western blot analysis of KEAP1 expression in PDOX cells infected with the indi-
cated inducible constructs (KEAP1 WT or G476W) and treated with doxycycline
1mg/ml for 7 days. G Proliferation curves of PDOX cells infected with the inducible
KEAP1 WT or G476W construct and treated with doxycycline (1mg/ml) in the
presence or absence of sotorasib (1 µM) for the indicated time points. H Cell via-
bility assay (MTT) performedwith PDOX cells infectedwith the inducibleKEAP1WT
or G476W construct and treated with the indicated concentrations of sotorasib in
presence of doxycycline (1mg/ml) for 72 h. All data were presented asmean± SEM
from three independent experiments. Representative western blots of two inde-
pendentlyperformedexperiments are shown. Source data are provided as a Source
Data file.
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Fig. 4 | MAPK adaptive activation in patients resistant to KRAS inhibitors.
A Volcano plot showing differentially expressed genes in pre- versus post-
treatment samples in patients who developed resistance to KRAS inhibitors.
Genes of interest are color-coded by pathway according to the Molecular
Signatures Database (MSigDB) collections. Differential expression across
sample groups was analyzed using the R package edgeR. The threshold for
calling a gene as differentially expressed was at least a twofold change
(log2FC ≥1 or log2FC ≥−1) with an FDR <0.05. B Gene set enrichment analysis

showing pathways that are significantly (Q < 0.05) up and downregulated in
post versus pre-treatment samples. NES normalized enrichment score.
C Single sample gene set enrichment analysis (ssGSEA) showing enrichment
scores of selected pathways involved in the RAS/ERK (upper) and in PI3K/
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KRAS inhibition tumor samples. Source data are provided as a Source
Data file.
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performed in patient samples, including the small sample size, the
heterogeneity of treatment received prior to KRAS inhibition, and
different genomic profiles of these human cancers, which may have
impacted these analysis and warrant caution in the interpretation of
these results. Nevertheless, these findings suggest the presence of
increased active KRAS-GTP at the onset of adaptive resistance. Pre-
viously, several studies have associated the elevated KRAS-GTP pool
with an attenuated response to KRAS(OFF) compounds. Certain amino
acid substitutions such as A59G or Q61L that effectively cancel GTP
hydrolysis diminish the response to KRASG12C inhibitors when intro-
duced as in cis mutations31. Similarly, SOS1 inhibition enhances the
potency of inactive-state selective drugs32. Also, the combination of
RTK or SHP2 inhibitors decreased KRAS-GTP loading and enhanced

both the target engagement and the antitumor activity of RAS(OFF)
covalent inhibitors in vivo33. In good agreement, our sotorasib-
resistant PDOX cells displayed an overall increase in both wild-type
and mutant KRAS expression as well as in the active GTP-bound frac-
tion, likely affecting both wild-type and mutant KRAS forms. Interest-
ingly, the mechanism implicated in this cellular adaptation emerges
rapidly to the selective pressure imposedby sotorasib treatment as the
resistant cultures return to a basal state soon after drug withdrawal
in vitro (Fig. 5). Understanding the precise dynamics regulating these
fluctuations could provide further insights for therapeutic
intervention.

Yet, the sotorasib-resistant PDOX cells remain sensitive to
KRASG12C(ON) inhibition by RMC-4998, suggesting that resistance is
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Fig. 6 | RMC-4998 and BI-2865 exert differential efficacy in sotorasib-resistant
PDOX cells in a wild-type KRAS-dependent manner. A, B Cell viability assay
(CellTiter-Glo) and Incucyte proliferation assays performed with PDOX-derived
(DSFC3B/C-R) cells treated with 1μM sotorasib, BI-2865 and RMC-4998 for 96 h.
Data were presented as mean ± SD from three independent experiments and were
analyzed using two-way ANOVA followed by Tukey’s multiple comparisons post-

test. C Cell viability assay (CellTiter-Glo) of PDOX-derived cells infected with wild-
type KRAS inducible constructs and treated with increasing doses of doxycycline
(up to 1mg/ml) together with sotorasib, BI-2865 and RMC-4998 for 72 h. Data were
presented as mean± SEM from three independent experiments. Source data are
provided as a Source Data file.
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mediated at least in part by increased KRASG12C GTP-loading. RMC-
4998 is selective towards KRASG12C14, therefore co-targeting both
mutant and wild-type active RAS could represent a therapeutic
opportunity. The pan-KRAS(OFF) inhibitor BI-2865 targeting both
KRASG12C and KRAS wild-type displayed intermediate efficacy in our
models of adaptive resistance, likely due to the major contribution of
GTP-bound KRAS. The therapeutic efficacy of RASMULTI(ON) inhibitors
such as RMC-6236 (NCT05379985) is currently under clinical assess-
ment and could provide superior activity in this context34–36.

Our results indicate that inhibitors that target the active state of
KRAS, such as the KRASG12C selective covalent inhibitor RMC-4998
overcome some of the adaptive mechanisms that limit the activity of
compounds selective for the inactive state (Fig. 6). This therapeutic
approach is currently undergoing clinical evaluation in patients car-
rying tumors that harbor KRASG12C mutations (RMC-6291, Phase 1/1b
NCT05462717). In our study, the preclinical tool compoundRMC-4998
significantly reduced the growth of sotorasib-resistant PDOX implants
in vivo (Figs. 7, 8). Interestingly, the combination of sotorasib+
RMC-4998 exerted superior therapeutic efficacy, suggesting that
KRAS(OFF) + KRAS(ON) inhibitors combined treatment could repre-
sent a potential strategy for themanagement of patients with KRASG12C

LUAD (Fig. 8), if concomitant administration is tolerable. Our results
show that the enhanced antitumor effect of RMC-4998 was accom-
panied by higher target engagement, likely due to the increase in
KRASG12C-GTP levels in the resistant setting. Alternatively, greater RMC-
4998 exposure compared to sotorasib may also account for this
enhanced antitumor activity.

In summary, growing evidences indicate that resistance to KRAS
inhibitors is heterogeneous10,24 and that the identification of specific
molecular mechanisms (acquired versus adaptive) needs to be taken
into account for subsequent treatment indications. Published
evidences14,22, together with the preclinical results described here
demonstrate the potential utility of tri-complex KRASG12C inhibitors
that target the active state of KRASG12C for the treatment of a subset of
patients developing adaptive resistance to covalent RAS(OFF)
inhibitors.

Methods
Ethics statement
The studies involving patients were conducted in accordance with the
International Ethical Guidelines for Biomedical Research Involving
Human Subjects (CIOMS) and approved by the Institut Bergonié

Fig. 7 | Sotorasib-resistant PDOX cells are sensitive to KRAS(ON) inhibitors
in vivo. A Tumor growth (left) of sotorasib-resistant DSFC3C-R cells following
subcutaneous implantation inmice (≥3) and subjected to the indicated treatments
(30 and 50mg/kg qd for sotorasib and RMC-4998 respectively). Each line indicates
the volume fold change variation compared to the baseline of each individual
tumor. Data were analyzed using one-way ANOVA followed by Tukey’s multiple
comparisons post-test on the last time point. Representative tumor images at the

end of the experiment are also shown (right, scale bar 1 cm). B Representative
tumor sections following hematoxylin/eosin staining as well as immunostaining
with the indicated antibodies. Scale bar 100μm. C Western blot analysis of inde-
pendent tumor extracts at the end of the experiment shown in (A). Low mobility
KRAS bands are caused by covalent drug binding. Source data are provided as a
Source Data file.
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review board. All procedures and animal housing conformed to the
regulatory standards and were approved by the Italian HealthMinister
(authorization n° 1227/2020-PR). Similarly, the animal experimental
design involving orthotopic implantationwas approved by the IDIBELL
animal facility committee (AAALAC Unit1155) and received procedure
reference# 9111. All experiments were performed in accordance with
the guidelines for Ethical Conduct in the Care and Use of Animals as

stated in The International Guiding Principles for Biomedical Research
Involving Animals, developed by the Council for International Orga-
nizations of Medical Sciences. Patient studies were conducted
according to the ethical guidelines of the Declaration of Helsinki.
De-identified patient data were used from patients who consented to
IRB-approved protocols Dana-Farber/Harvard Cancer Center 02-180,
and/or 17-000.
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DNA extraction and whole-exome sequencing of patient
biopsies
The patient was enrolled in the AMG-510-20170543 phase I/II clinical
trial and consented to undergo a biopsy on treatment and at tumor
progression. Both frozen specimens were assessed on cryo-sections
and tumor cellularity was estimated at this stage. For whole-exome
sequencing (WES), DNAs were extracted from frozen biopsy samples
and peripheral blood using the QIAamp DNA® Mini kit (Qiagen) fol-
lowing the manufacturer’s instructions. WES was performed by Inte-
graGen SA (Evry, France). Libraries were prepared with the Twist
Library Preparation EF kit and captured by the Twist Human Core
Exome Enrichment System (Twist Bioscience) and Integragen Custom
V2 following the manufacturer’s protocol. Captured libraries were
sequenced on a NovaSeqTM 6000 sequencing System (Illumina, San
Diego, CA, USA) in a 100nt-long paired-end modality.

Whole transcriptome sequencing
Consecutive slides from patients with G12C-mutant NSCLC who
received direct KRASG12C inhibitors at theDFCI and had consented to
IRB-approved correlative protocol DFCI/HCC 02-180 were included. A
total of eight FFPE-derived DNase-treated RNA samples extracted at
CAMD were submitted for whole transcriptome sequencing. We
quantified samples using a fluorescent-based assay (Qubit RNA High
Sensitivity assay; Thermo Fisher Scientific) that specifically targets
RNA. RNA integrity was assessed using an Agilent RNA 6000 Pico
Bioanalyzer kit and found to have a DV200 score (% of RNA at or above
200 nts) of ~50–70%, indicating good quality for FFPE RNA samples.
Removal of rRNA was performed using a KAPA RiboErase assay
(Roche) according to the manufacturer’s protocol. RNA samples were
converted to ds-cDNA using a KAPA RNA HyperPrep kit (Roche). Due
to the level of RNA degradation, samples were not fragmented but
instead denatured at 65 °C for 1min and then placed on ice. First and
second strand synthesis were performed according to manufacturer’s
recommendations. Following second-strand synthesis, reactions were
purified via SPRI-cleanup (KAPA Pure Beads) and then eluted in 53 µl of
dH2O. A total of 50 µl of eluate was transferred to new tubes. Samples
were converted to Illumina-compatible libraries using a KAPA Hyper-
Prep kit (DNA workflow) and IDT UDI-UMI adapters. The manu-
facturer’s recommendations were followed. Adapters were used at a
concentration of 1.5 µM.Post-ligation PCRwas conducted for 12 cycles.
SPRI-cleaned PCR reactionswere eluted in 25 µl of dH2O. Libraries were
quantified via Qubit HS dsDNA assay and then assessedwith an Agilent
High Sensitivity (HS) DNA Bioanalyzer assay. Libraries were pooled by
equal volume followed by SPRI-cleanup to remove adapter-dimers
then sequenced on an Illumina MiSeq nano flow cell to estimate each
library’s concentration based on the number of index reads per sam-
ple. Library construction is considered successful if the yield is ≥1 nM.
All samples were successful. Libraries were normalized using MiSeq-
derived concentrations, pooled, SPRI-cleaned one additional time (to
remove adapter-dimers and low molecular weight species of ~35 bps)
using KAPA Pure Beads, then loaded on 1 NovaSeq SP-200. The run
parameters used were 98, 14, 8, and 98. The splice-aware aligner STAR
(version 2.4.2a) (https://github.com/alexdobin/STAR) was used to
align sequencing reads against the human genome reference hg38.

Alignment was followed by QC with Picard Tools (https://
broadinstitute.github.io/picard/). The bioinformatics package RSEM
(v1.3.1) https://github.com/deweylab/RSEM was used to bin STAR-
aligned sequencing reads by genes according to an Ensembl gene
feature file for mm9/NCBIM37 release 66.

Expression was given as transcript-length and total-read-
normalized read counts (TPM/RPKM). Differential expression across
sample groups was analyzed using the R package edgeR (https://
bioconductor.org/packages/release/bioc/html/edgeR.html). The
thresholds for calling a gene as differentially expressed was at least a
twofold change (log2FC ≥1 or log2FC ≤−1) with an FDR <0.05. ssGSEA
analysis was conducted to calculate an enrichment score for each
pathway of interest for each sample using the GSVA R package. Heat-
map was plotted across samples, with color and density indicating the
enrichment. The over-representation of the DE genes was investigated
using clusterProfile based on KEGG, Gene Ontology, and Reactome
database, and Q value <0.05 indicates statistical significance.

Clinical tumor genomic profiling of FFPE samples
Tumor genomic profiling and somatic variants were performed
using our clinically validated OncoPanel platform. Sequence
reads were aligned to reference sequence b37 edition from the
Human Genome Reference Consortium using bwa (http://biobwa.
sourceforge.net/bwa.shtml), and further processed using Picard
(version 1.90, http://broadinstitute.github.io/picard/) to remove
duplicates and Genome Analysis Toolkit (GATK) to perform loca-
lized realignment around indel sites. Single nucleotide variants were
called using MuTect v1.1.4, insertions and deletions were called
using GATK Indelocator, and variants were annotated using Onco-
tator. In theDFCI cohort, to filter out potential germline variants, the
standard pipeline removed SNPs present at >0.1% in the Exome
Variant Server, NHLBI GO Exome Sequencing Project (ESP) (URL:
http://evs.gs.washington.edu/EVS/), present in dbSNP, or present in
an in-house panel of normals, but rescues those also present in the
COSMIC database. Reports and medical records from patients who
had their NGS performed at a different institution were manually
reviewed.

Sequence alignment and variant calling
Somatic mutations were identified following our published
pipeline37 as implemented in the HaTSPiL framework38. Briefly,
sequencing reads from each sample were aligned to the human
genome reference (GRCh37/hg19) using Novoalign (http://www.
novocraft.com/) with default parameters. At most, three mis-
matches per read were allowed and PCR duplicates were removed
using the Picard Markduplicates tool. Local realignment around
small insertion/deletions (InDels) was performed using GATK Rea-
lignerTargetCreator and IndelRealigner tools. Single nucleotide
variants (SBSs) and InDels were identified using MuTect v.1.1.1739,
Strelka v.1.0.1540, and Varscan2 v.2.3.641 in tumor and normal sam-
ples independently. Only variants identified as “KEEP” and “PASS” in
MuTect and Strelka, respectively, were considered. SBSs and InDels
were retained if (i) had allele frequency ≥5% and (ii) in a genomic
position covered by at least ten reads.

Fig. 8 | Sotorasib +RMC-4998 combination shows superior efficacy compared
to a single agent in vitro and in vivo. A Synergy matrix in resistant PDOX cells in
the presence of the indicated concentrations of sotorasib, BI-2865, or RMC-4998.
Data were shown as a representative experiment from six replicates in two inde-
pendent experiments. B Incucyte proliferation assays performed with PDOX-
derived (DSFC3C-R) cells treated with 1μM sotorasib, 0.5 μM BI-2865, and 0.2μM
RMC-4998 as single agents or in combination for 120 h. Data were presented as
mean ± SD from three independent experiments and were analyzed using two-way
ANOVA followed by Tukey’s multiple comparisons post-test. C Western Blot ana-
lysis of PDOX-derived (DSFC3C-R) cells treatedwith 1μMsotorasib, 0.5μMBI-2865,

and 0.2μM RMC-4998 as single agents or in combination for 24h. Representative
western blots of two independently performed experiments are shown. D Violin
plot (left) representing tumor volume fold change of sotorasib-resistant DSFC3C-R
cells following subcutaneous implantation in mice (≥3) and subjected to the indi-
cated treatments with sotorasib, RMC-4998 (100mg/kg qd) or the combination for
3 weeks. Representative tumor images at the end of the experiment are also shown
(right, scale bar 1 cm). Data were analyzed using one-way ANOVA followed by
Tukey’s multiple comparisons post-test. Source data are provided as a Source
Data file.
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Copy number variant calling and estimation of tumor purity
and ploidy
Somatic copy number variants (CNVs) were identified using: (i)
sequenza v.3.0.042 with parameters window=5mb and min.reads.baf =
4, keeping only positions that are covered at least by ten reads, and (ii)
EXCAVATOR243 with binsize = 20,000 and mode=paired, respectively.
To identify amplified and deleted genes, the genomic coordinates of the
aberrant regions were intersected with those of 20,297 human protein
coding genes of the GENCODE GRCh37 version 2844. A gene was con-
sidered as modified if ⩾80% of its length was contained in an aberrant
region. Tumor ploidy and purity estimates were calculated using
sequenza (Suppl. Table 1).

Identification of putative driver mutations and CNVs
In the tumor samples,mutations were identified as somatic if absent in
the normal counterpart. Variant allelic frequencies were corrected by
the tumor content reported by Sequenza, as previously described in
ref. 37. ANNOVAR45 was used to identify nonsilent (i.e., nonsynon-
ymous, stopgain, stoploss, frameshift, nonframeshift, and splicing
modifications) mutations using RefSeq v.64 (http://www.ncbi.nlm.nih.
gov/RefSeq/) as a reference protein dataset. Mutations falling within
2 bp from the splice sites of a genewereconsidered splicingmutations.
Next, a list of cancer genes was retrieved from the Network of Cancer
Genes v.746 (http://ncg.kcl.ac.uk/). This list was exploited to select
2046 cancer driver genes, respectively. Of these, 203 were lung cancer
driver genes. Next, a list of 164 genes with actionable alterations was
collected from the “PrecisionTrialDrawer” R package47 and considered
as actionable genes. Finally, a list of eight genes (i.e., ALK, BRAF, EGFR,
KRAS,MET, ERBB2, ARAF, andMAP2K1) with oncogenic mutations that
are therapeutically targeted with drugs as reported in the precision
Oncology Knowledge Base (OncoKB, https://www.oncokb.org/) data
repository was collected. Genes harboring nonsilent mutations were
annotated using these three gene lists. Next, CancerVar48 was used to
classify the pathogenicity of somatic variants according toAMP/ASCO/
CAP/CGC 2017-2019 guidelines49. Mutations classified by CancerVar as
“benign” (i.e., Tier IV) were excluded. Retained mutations were con-
sidered as putative cancer drivers if (i) annotated by CancerVar as
variants of strong or potential clinical significance (i.e., Tier I and II), or
(ii) identified by at least two variant callers or in genes annotated as
cancer driver and/or actionable.

Similarly, genes were considered undergoing driver CNVs if (i)
identifiedby sequenza andEXCAVATOR2, (ii)with aprobability of being
a specific copynumber state asmeasuredbyEXCAVATOR2greater than
0.75, and (iii) annotated as lung cancer driver and/or actionable.

Evaluation of clonal evolution
Driver mutations and cognate copy number status were used to infer
the clonal population structure of the tumor. In particular, PyClone
version 0.13.150 was exploited to group driver mutations into clonal
clusters and estimate their cellular prevalence. The algorithm was run
with efault parameters and tumor purity information estimated as
described above. Phylogenetic reconstruction of clonal evolution was
performed using the clonevol R package v. 0.99.1151. In particular,
clonal clusters detected by Pyclone were used as input of the infer.-
clonal.models function. Clusters containing less than ten variants were
excluded to avoid possible biases in the phylogenetic reconstruction
as required by clonevol. Evolutionary tree was built using the con-
vert.consensus.tree.clone.to.branch function with the squared root as
branch scale. The evolutionary tree was visualized using the plot.clo-
nal.models function.

Cell lines and reagents
H358, H23, H1792, H2030, and H2122 human KRASG12C lung cancer
cells, purchased from American Type Culture Collection (ATCC), were
maintained in RPMI medium containing 10% fetal bovine serum (FBS)

under standard culture conditions. All cell lineswere regularly checked
for mycoplasma contamination. Sotorasib (TargetMol, T8684) and
recombinant human TGFβ1 (ABclonal, RP00451) were used at the
indicated concentrations. RMC-4998 was provided by Revolution
Medicines, and details can be found in ref. 14. Modified cell lines are
available upon request through MTAs.

Generation of a patient-derived orthotopic xenograft (PDOX/
orthoxenograft) and PDOX-derived cell lines
The establishment of PDOX-derived cell lines was performed as pre-
viously described in ref. 15. Briefly, within 24 h following surgical
resection, a small tumor biopsywas introduced into the chest cavity of
Crl:NU-Foxn1nu female mice (Envigo) and anchored to the lung surface
with Prolene 7.0 suture. The implanted lung tumor was harvested at a
humane endpoint (2 months from implantation), cut into small frag-
ments of 2 to 4mm3, and serially transplanted into three new animals.
The entire in vivo expansion was carried out in the absence of sotor-
asib. In order to derivate matched cell lines, freshly collected lung
tumor tissues coming fromorthotopic implants from two independent
mice were minced with sterile scalpels and cultured in RMPI medium
with sotorasib 1μM. The established cell lines (DSFC3B/C-R) were
maintained in the presence of sotorasib 1 µM for several passages. In
parallel, DSFC3B/C cells were cultured in the absence of sotorasib for
3 weeks before re-evaluating their response to treatment.

SNP-array and CNV detection
DNA was extracted from formalin-fixed paraffin-embedded (FFPE) cell
lines using the QIAamp® DSP DNA FFPE Tissue kit (Quiagen) according
to the manufacturer’s recommendations and quantified using the
NanoDrop 2000 (Thermo Scientific) and Qubit (Qubit 3.0 Fluo-
rometer, Life Technologies). SNP-array was performed according to
the OncoScan® FFPE SNP-array kit procedure (Affymetrix). Sample
preparation, hybridization, and scanning procedures were performed
according to the manufacturer’s protocol on the Affymetrix GeneChip
Scanner 3000 7G system. Raw data were analysed using the EaCoN R
package (https://github.com/gustaveroussy/EaCoN) developed at the
Gustave Roussy institute following the authors’ instructions. In parti-
cular, AT and GC channel CEL files were normalized using the
OS.processed function with default parameters. Then, normalized data
were segmentedusing the Segment.ff function and sequenza algorithm
as segmenter. Finally, copy number estimation was performed using
the ASCN.ff function with default parameter.

Digital droplet PCR validation of KRASG12C

The allelic variant frequency of KRAS G12C at genomic and tran-
scriptomic levels was quantified using digital droplet PCR (ddPCR) as
previously published52. Briefly, genomic DNA and total RNA were
extracted from PDOX-derived sensitive (DSFC3B/C) and resistant
(DSFC3B/C-R) cells using DNeasy Blood & Tissue Kits (69504, Qiagen)
andTRIzol™ (15596018, ThermoScientific™) respectively, according to
manufacturer’s instructions. RNA samples were then subjected to
DNAse treatment and purification using RNA Clean & Concentrator-5
(R1014, Zymo Research). One-step reverse transcriptase was per-
formedusingMaximaHMinus Reverse Transcriptase (EP0751, Thermo
Scientific™), using only Oligo(dT)18 as a primer (SO131, Thermo Sci-
entific). ddPCR was performed using the QX200 Droplet Digital PCR
System (1864001, Bio-Rad). Droplets were generated using the QX200
Droplet Generator (1864002, Bio-Rad) in a total volume of 20μL
containing either 10 ngof input gDNAor cDNAcorresponding to 1.5 ng
of input RNA, 900nM/250 nM final concentration of KRAS G12C pri-
mers/probe, and 10μL of 2X ddPCR Supermix for Probes (No dUTP)
(1863024, Bio-Rad). PCR reactions were executed according to the
manufacturer’s instructions as follows: enzyme activation at 95 °C for
10min (1 cycle), denaturation at 94 °C for 30 s followed by annealing/
extension at 55 °C for 1min (40 cycles), enzyme deactivation at 98 °C
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for 10min (1 cycle), and hold at 4 °C. After PCR completion, droplets
were processed with the QX200 Droplet Reader (1864003, Bio-Rad)
and analyzed using QuantaSoft software (1864011, Bio-Rad). Total
events in each sample replicate were quantitated using themean copy
number per μl (Suppl. Data 4). Primers and probes for KRAS G12C
available from Bio-Rad were used for genomic DNA mutation assay.
Conversely, primers and probes for KRAS G12C mutation assay on
cDNA were taken from ref. 53.

Quantitative PCR (RT-qPCR) analysis
Total cellular RNA was extracted using a Nucleospin RNA Mini kit
(Macherey-Nagel) and reverse-transcribed using Transcriptor First
Strand cDNA Synthesis kit (Roche), according to manufacturers’
instructions. cDNAs were subjected to PCR amplification and quanti-
fication. Primer sets included human KEAP1-Fwd (5′-CAACTTCGCTGA
GCAGATTGGC-3′), human KEAP1-Rv (5′-TGATGAGGGTCACCAGTT
GGCA−3′), human 18S-Fwd (5′-GCGGCGGAAAATAGCCTTTG-3′), and
human 18S-Rv (5′-GATCACACGTTCCACCTCATC−3′).

Tissue processing and immunohistochemistry
Tumor samples derived from mouse implants were fixed in 10% buf-
fered formalin (Sigma), embedded in paraffin, and evaluated by con-
ventional Haematoxylin & Eosin (H&E) staining. Antibodies used for
immunostaining included those raised against pERK1/2 (Cell Signaling
Technology; 9101), phosphorylated Histone 3 (06-570, Millipore), CK7
(OV-TL 12/30, Agilent-Dako), CK20 (Ks20.8, Agilent-Dako), Napsin A
(TMU-Ad02, Biocare Medical), TTF1 (8G7G3/1, Agilent-Dako), p40
(BC28, Gennova), Chromogranin (Agilent-Dako), and Synaptophysin
(SY38, Agilent-Dako).

Plasmids and site-directed mutagenesis
pHAGE-TGFBR2 was a gift from Gordon Mills & Kenneth Scott
(Addgene plasmid #116800)54. KEAP1 cDNA isolated from 3xFLAG
pcDNA 4 KEAP1 (kind gift of Prof. Susumu Imaoka, Kwansei Gakuin
University, Sanda, Japan55) and WT KRAS-V5 were cloned in
doxycycline-inducible pCW57.1 plasmid (a gift from David Root,
Addgene plasmid #41393). All mutations were generated by site-
directed mutagenesis using the Q5 site-directed mutagenesis kit (New
England BioLabs) according to the manufacturer’s instructions. All
constructs were re-sequenced to ensure that no undesirable mutation
had been introduced.

Cell viability assays
Cell lineswere seeded in 96-well plates at 2–5 × 103 cells/well and treated
with a serial dilution of drugs for 72 h. Cell viability was assessed byMTT
(Sigma) or by CellTiter-Glo (Promega) assays, as mentioned in figure
legends. The synergy between two compounds was assessed using the
Zero Interaction Potency (ZIP) method and the open-source Synergy-
Finder 3.0 software56,57 or the Combenefit tool, using the Loewe addi-
tivity model58. For apoptosis assessment by FACS, cells (250,000 cells/
well) were plated on six-well plates. The following day, the cells were
subjected to treatment protocols with 10 µM sotorasib for the indicated
times. Cells were trypsinized and washed with PBS and with an annexin
binding buffer. Cell pellets were then suspended in 100 µl annexin
binding buffer containing 5μl of annexin-V Alexa Flour 488 conjugate
(LifeTechnologies) andPI solutionat thefinal concentrationof 10μg/ml,
followed by incubation for 15min in the dark. About 400μl of annexin
binding buffer was added before the samples were analyzed by FACS.
Cells were gated according to their SSC/FSC features. Cell doubletswere
discriminated and excluded from the analysis. PI and Annexin-V positive
cells were gated to identify apoptotic cells. Unstained cells were used to
set up the gating strategy for FL-1 (Annexin-V) and FL-3 channels (PI).
Data were analyzed using the FlowJo software.

Cell proliferation assays
PDOX-derivedcell lineswere seeded in96-well plates at 5 × 103 cells/well
and treated with sotorasib (1 µM) and doxycycline (1mg/ml) for 72 h.
Cell proliferation was assessed by CyQUANT (Fisher Scientific) assays.

Western blot analysis
Protein extracts obtained from cell lysates were separated on
SDS–PAGE, transferred to a nitrocellulosemembrane, andblottedwith
the indicated primary antibodies. Antibodies against TGFBR2 (#79424,
1:1000), P-SMAD2 Ser465/467 (#3108, 1:1000), SMAD2 (#5339,
1:1000), P-SMAD3 Ser423/425 (#9520, 1:1000), SMAD3 (#9523,
1:1000), KEAP1 (#8047, 1:1000), PERK1/2 (#9101, 1:1000), ERK (#9102,
1:1000), RAS (#8832, 1:1000), BIM (#2933, 1:1000), HSP90 (#4877,
1:2000), V5-Tag (#13202, 1:1000) were purchased from Cell Signaling
Technology. The KRAS clone F234 (sc-30, 1:1000, Santa Cruz Bio-
technology) was also used for western blot analysis.

KRAS activation assay
KRAS activity was determined using the active RAS pull-down and
detection kit (#11871, Cell Signaling Technology). Briefly, glutathione
S-transferase (GST)–RAF1 RAS-binding domain (RBD) and glutathione
agarose resin were mixed together with whole-cell lysates and incu-
bated on a rotator for 1 h at 4 °C, followed by three washes and elution
with 2× SDS–PAGE loading buffer. The samples were then analyzed by
SDS–PAGE and western blot analysis with a RAS or KRAS-specific
antibody.

Mice experiments
In vivo experiments were conducted on 6- to 8-week-old female NSG
mice purchased from Charles River. Tumor cells were injected sub-
cutaneously and bilaterally in the hind flanks of the abdomen (1 × 106

cells/site in 100 µl of PBS). Tumorswere palpable andmeasurable after
~2weeks. Tumor volumewasmonitored every other dayusing a caliper
and was calculated by the ellipsoid approximation formula:
3.14 × (length ×width2)/6. Themaximumallowed tumor size according
to the applicable Ethical Guidelines was 2000mm3 and was never
exceeded during the experimental observation. Drug treatment was
initiated 2 days after the first tumor volume measurement at 30 and
50mg/kg for sotorasib and RMC-4998, respectively. All drugs were
administered by oral gavage and were prepared as follow: sotorasib
was formulated in 2% (w/v) HPMC (Hydroxypropyl-methyl cellulose—
Sigma H8384/ (v/v) 1% tween 80; RMC-4998 was formulated in 10%
(v/v) DMSO/20% (v/v) PEG400/10% (v/v) Solutol (Merck Kolliphor® HS
15, 42966) /60% (v/v) 2% HPMC E-50 (w/v) in 50mM Sodium Citrate
Buffer, pH 4.0 according to themanufacturer instructions. The vehicle
for the RMC-4998 compound was used as control. Mice were eutha-
nized and tumors were resected. Half of the tumors were snap-frozen,
and the secondpartwasfixed in formalin and embedded in paraffin for
further analysis.

Statistics and reproducibility
All experiments were performed as several independent biological
replicates. All results are reported as mean± SEM (standard error of
the mean) or ±SD (standard deviation). Statistical analysis was per-
formed using one-way or two-way ANOVA. A p value less than0.05 was
considered significant;p values are providedwithin eachfigure legend,
together with the statistical test performed for each experiment.
N values are indicated within figure legends and refer to either
experimental replicates or animal study groups, whereas technical
replicates refer to repeated analysis of the same samples. In animal
experiments, no data were excluded from the analyses, the experi-
ments were randomized, and the Investigators were not blinded to
allocation during experiments and outcome assessment.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Sequencing data of SD and PD biopsies, PDOX and PDOX-derived cell
lines generated in this study have been deposited in NCBI Sequence
Read Archive database under the accession code PRJNA1020204 and
are publicly available. Processed OncoScan SNP-array data are pro-
vided in the GitHub repository [https://github.com/matteocereda/
KRASG12C-LUAD]. The data generated in this study are provided in the
Source Data file. All remaining information can be found in the Article,
Supplementary, and source Data files. Source data are provided with
this paper.

Code availability
The original code has been deposited on GitHub and is publicly
available at https://github.com/matteocereda/KRASG12C-LUAD. Any
additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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