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Abstract

Despite decades of research, efforts to directly target KRAS have been challenging. MRT X849
was identified as a potent, selective, and covalent KRASG12C inhibitor that exhibits favorable
drug-like properties, selectively modifies mutant cysteine 12 in GDP-bound KRASCG12C and
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Clinical Trials

MRTX849 clinical trials () were conducted in accordance with recognized US ethical guidelines (i.e., U.S. Common Rule) and per
local institutional review board guidelines. All patients included in the clinical trial were subjected informed written consent and
consented prior to study enrolment. MRT X849 was administered in 21-Day cycles to patients included in present studies per protocol.
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inhibits KRAS-dependent signaling. MRT X849 demonstrated pronounced tumor regression in 17
of 26 (65%) of KRASC12C-positive cell line- and patient-derived xenograft models from multiple
tumor types and objective responses have been observed in KRAS®12C_positive lung and colon
adenocarcinoma patients. Comprehensive pharmacodynamic and pharmacogenomic profiling in
sensitive and partially resistant non-clinical models identified mechanisms implicated in limiting
anti-tumor activity including KRAS nucleotide cycling and pathways that induce feedback
reactivation and/or bypass KRAS dependence. These factors included activation of RTKSs, bypass
of KRAS dependence, and genetic dysregulation of cell cycle. Combinations of MRT X849 with
agents that target RTKs, mTOR, or cell cycle demonstrated enhanced response and marked tumor
regression in several tumor models, including MRTX849-refractory models.
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Introduction

KRAS is one of the most frequently mutated oncogenes in cancer; however, efforts to
directly target KRAS have been largely unsuccessful due to its high affinity for GTP/GDP
and the lack of a clear binding pocket [1-4]. More recently, compounds were identified that
covalently bind to KRASC12C at the cysteine 12 residue, lock the protein in its inactive
GDP-bound conformation, inhibit KRAS-dependent signaling and elicit anti-tumor
responses in tumor models [5-7]. Advances on early findings demonstrated that the binding
pocket under the switch 11 region was exploitable for drug discovery culminating in the
identification of more potent KRAS®12C inhibitors with improved physiochemical
properties which are now entering clinical trials. The identification of KRAS®12C inhibitors
provides a renewed opportunity to develop a more comprehensive understanding of the role
of KRAS as a driver oncogene and to explore the clinical utility of direct KRAS inhibition.

KRASGI2C mutations are present in lung and colon adenocarcinoma as well as smaller
fractions of other cancers. The genetic context of KRASCZZC alteration can vary
significantly among tumors and is predicted to affect response to KRAS inhibition. KRAS
mutations are often enriched in tumors due to amplification of mutant or loss of wild-type
allele [8, 9]. In addition, KRAS mutations often co-occur with other key genetic alterations
including 7P53and CDKNZ2A in multiple cancers, KEAPI and/or STK11 in lung
adenocarcinoma or APC and P/K3CA in colon cancer [3, 8-12]. Whether differences in
KRAS mutant allele fraction or co-occurrence with other mutations influence response to
KRAS blockade is yet not well understood. In addition, due to the critical importance of the
RAS pathway in normal cellular function, there is extensive pathway isoform redundancy
and a comprehensive regulatory network in normal cells to ensure tight control of temporal
pathway signaling. RAS pathway negative feedback signaling is mediated by ERK1/2 and
receptor tyrosine kinases (RTKs) as well as by ERK pathway target genes including dual-
specificity phosphatases (DUSPs) and Sprouty (SPRY) proteins [13-17]. One important
clinically relevant example is provided by the reactivation of ERK signaling observed
following treatment of BRAFVE9E_mutant cancers with selective BRAF inhibitors [18-20].
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The observed intertumoral heterogeneity and extensive feedback signaling network in
KRAS-mutant cancers may necessitate strategies to more comprehensively block oncogenic
signal transduction and deepen the anti-tumor response in concert with KRAS blockade [15,
21, 22].

Potential strategies to augment the response to KRAS®12C inhibitor treatment are evident at
multiple nodes of the signaling pathway regulatory machinery. RAS proteins are small
GTPases that normally cycle between an active, GTP-bound state and an inactive, GDP-
bound state. RAS proteins are loaded with GTP through guanine nucleotide exchange
factors (GEFs; e.g., SOS1) which are activated by upstream RTKSs, triggering subsequent
interaction with effector proteins that activate RAS-dependent signaling. RAS proteins
hydrolyze GTP to GDP through their intrinsic GTPase activity which is dramatically
enhanced by GTPase-activating proteins (GAPS). Mutations at codons 12 and 13 in RAS
proteins impair GAP-stimulated GTP hydrolysis leaving RAS predominantly in the GTP-
bound, active state.

Potent covalent KRASC12C inhibitors described to date bind only GDP-bound KRAS [5-7].
While codon 12 and 13 mutations decrease the fraction of GDP-bound KRAS, recent
biochemical analyses revealed that KRASG12C exhibits the highest intrinsic GTP hydrolysis
rate and highest nucleotide exchange rate among KRAS mutants [23]. Furthermore, the
nucleotide-bound state of KRASCE12C can be shifted toward the GDP-bound state by
pharmacologically modulating upstream signaling with RTK inhibitors that increase the
activity of KRAS®12C inhibitors [7, 22, 24]. Likewise, SHP2 is a phosphatase that positively
transduces RTK signaling to KRAS. Accordingly, SHP2 inhibitors are active in cancers
driven by KRAS mutations that are dependent on nucleotide cycling, including KRASG12C
[25-27].

MRTX849 is among the first KRASCG12C inhibitors to advance to clinical trials. The
comprehensive and durable inhibition of KRASCG12C by MRTX849 provides a unique
opportunity to understand the extent to which KRAS functions as an oncogenic driver. In
addition, the observation that the response to blockade of KRAS is markedly different /in
vitroand in vivo indicates that evaluation of the consequences of KRAS blockade in in vivo
model systems is critical to understand the role of KRAS-driven tumor progression. The
demonstration of partial responses in lung and colon adenocarcinoma patients treated with
MRTX849 in clinical trials indicates that results observed in tumor models extends to
KRASCG12C_positive human cancers. Our comprehensive molecular characterization of
multiple tumor models at baseline and during response to KRAS inhibition has provided
further insight toward the contextual role of KRAS mutation in the setting of genetic and
tumoral heterogeneity. Finally, further interrogation of these genetic alterations and signaling
pathways utilizing functional genomics strategies including CRISPR and combination
approaches uncovered regulatory nodes that sensitize tumors to KRAS inhibition when co-
targeted.
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Results

MRTX849 is a Potent and Selective Inhibitor of KRAS®12C, KRAS-Dependent Signal
Transduction and Cell Viability In Vitro

A structure-based drug design approach, including optimization for favorable drug-like
properties, lead to the discovery of MRTX849 as a potent, covalent KRASC12C inhibitor
(Figure 1A and Table S1). An LCMS-based KRAS®12C protein modification assay revealed
that MRT X849 demonstrated much greater modification of KRASG12C when preloaded with
GDP compared with GTP (Table S2) supporting that MRT X849 binds to and stabilizes the
inactive GDP-bound form of KRASC12C Indeed, introducing a co-mutation that impairs the
GTPase activity of KRASCG12C [24] attenuated the inhibitory activity of MRTX1257, a close
analogue of MRT X849 (Figure S1A). Secondary mutations that modulate the nucleotide
exchange function of KRASCG12C lso affected inhibition by MRTX1257 supporting that the
MRTX compound series is dependent on KRASCE12C nucleotide cycling.

We next determined the cellular activity of MRTX849 utilizing the KRASG12C-mutant H358
lung and MIA PaCa-2 pancreatic cancer cell lines. In both models, MRT X849 demonstrated
an upward electrophoretic mobility shift of KRASCG12C protein band migration by
immunoblot, indicative of covalent modification of KRASG12C, A maximal mobility shift
was observed by 1 hour, was maintained through 72 hours (Fig 1B and Fig S1B), and was
evident at concentrations as low as 2 nM with near maximal modification observed at 15.6
nM (Figure 1C and S1C). Comparable inhibition of active RAS was observed as determined
by a Raf RAS-binding domain (RBD) capture ELISA assay (Figure 1D and S1D).

MRT X849 also inhibited KRAS-dependent signaling targets including ERK1/2
phosphorylation (Thr202/Tyr204 ERK1; pERK), S6 phosphorylation (RSK-dependent
Ser235/236: nS6) and expression of the ERK-regulated DUSP8, each with ICsq values in the
single-digit nanomolar range in both cell lines (Figure 1B, 1C, S1B and S1C). The
evaluation of pERK over a time course of 48 hours indicated maximal inhibition was
observed at 24 hours (Figure 1E and S1E). Treatment with the des-acrylamide version of
MRTX849, which is unable to covalently bind to KRAS®12C, did not demonstrate
significant inhibition of ERK phosphorylation (Figure S1F). The H358 cell line was selected
for determination of MRT X849 cysteine selectivity utilizing a LCMS-based proteomics
approach able to detect approximately 6000 cysteine-containing peptides. After treatment
for 3 hours, decreased KRASCG12C Cys12 free peptide was detected with treated-to-control
ratios of 0.029 and 0.008 determined at 1 pM and 10 pM, respectively, indicating near
complete engagement of the intended target (Table S3). In contrast, the only other peptides
identified were from lysine-tRNA ligase (KARS) at Cys209 near the detection limit
indicating a high degree of selectivity toward KRASCYS12,

To evaluate the breadth of MRTX849 activity, its effect on cell viability was determined
across a panel of 17 KRAS®12C.mutant and three non-KRAS®G12C-mutant cancer cell lines
using 2D (3-day, adherent cells) and 3D (12-day, spheroids) cell growth conditions.
MRTX849 potently inhibited cell growth in the vast majority of KRASG12C.mutant cell
lines with ICgq values ranging between 10 and 973 nM in the 2D format and between 0.2
and 1042 nM in the 3D format (Table S4 and Figure 1F). In agreement with prior
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KRASC2C inhibitor studies [5], MRTX849 demonstrated improved potency in the 3D assay
format, as all but one KRASG12C.mutant cell line exhibited an 1Cs value below 100 nM.
Although MRT X849 was broadly effective in inhibiting viability of KRASG12C.mutant cell
lines, ICsq values varied across the cell panel by 100-fold suggesting a differential degree of
sensitivity to treatment. All three non-KRASC12C_mutant cell lines tested demonstrated 1Csg
values greater than 1 pM in 2D conditions and greater than 3 pM in 3D conditions
suggesting the effect of MRTX849 on cell viability was dependent on the presence of
KRASG1C,

To determine if the difference in sensitivity across the cell panel correlated with the ability
of MRT X849 to bind to KRAS or inhibit KRAS-dependent signal transduction, seven
KRASC12C.mutant cancer cell lines were selected from the panel for further evaluation. In
each cell line, MRT X849 demonstrated a very similar concentration-dependent
electrophoretic mobility shift (ICsq) for KRASG12C protein migration suggesting that the
ability to bind to and modify KRAS®12C does not readily account for differences in response
in viability studies (Figure 1B, 1C, S1B, S1C, S2A, and S2B). The effect of MRTX849 on
selected phospho-proteins implicated in mediating KRAS-dependent signaling was also
evaluated across the cell panel by immunoblot and/or reverse phase protein array (RPPA)
following treatment for 6 or 24 hours. Notably, the concentration-response relationship and
maximal effect of MRTX849 on inhibition of ERK and $65235/236 phosphorylation varied
across the cell panel (Figure S2A, S2C and Table S7). MRTX849 demonstrated only partial
inhibition of phosphorylated ERK in KYSE-410 and SW1573 and a minimal effect on
pS65235/236 jn SW1573, H2030, and K'YSE-410 cells (Figure S2A and S2C). Each of these
cell lines were among those that exhibited a submaximal response to MRTX849 in both 2D
and 3D viability assays (Figure 1F). Although KRAS is implicated in mediating signal
transduction through the P13 Kinase and mTOR pathways, there was minimal evidence of a
significant and/or durable effect of MRTX849 on Akt (S473, T308) or 4E-BP-1 (T37/T46,
S65, T70) phosphorylation at any time point in any cell lines evaluated (Figure S2D).
However, MRT X849 demonstrated concentration-dependent partial inhibition of the mTOR-
dependent signaling targets, p70 S6 kinase (T412) and/or pS6 (S240/44), in the H358, MIA
PaCa-2, H2122, and H1373 cell lines; each of which exhibited a maximal response to
treatment. Together, these data suggest that maximizing inhibition of KRAS-dependent ERK
and S6 signaling may be required to elicit a robust response in tumor cell viability assays.

MRTX849 Treatment In Vivo Leads to Dose-Dependent KRASG12C Modification, KRAS
Pathway Inhibition and Anti-tumor Efficacy

Studies were conducted to evaluate MRT X849 anti-tumor activity along with its
pharmacokinetic and pharmacodynamic properties /n vivo both to understand the clinical
utility of this agent and to provide insight toward response to treatment. MRT X849
demonstrated moderate plasma clearance and prolonged half-life following oral
administration (Table S1 and Figure S3). To evaluate the pharmacodynamic response to
MRT X849 and to correlate drug exposure with target inhibition, MRTX849 was
administered via oral gavage over a range of dose levels to H358 xenograft-bearing mice,
and plasma and tumors were collected at defined time points. The fraction of covalently-
modified KRASCG12C protein was proportional to the plasma concentration of MRT X849
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(Figure 2A). When evaluated over time after a single oral dose at 30 mg/kg the modified
fraction of KRASCG12C was 74% at 6 hours post-dose and gradually decreased to 47% by 72
hours (Figure 2B). This extended pharmacodynamic effect, despite declining levels of
MRTX849 in plasma, was consistent with the irreversible inhibition of KRASG12C py
MRTX849 and the relatively long half-life for the KRASG12C protein (~24 — 48 hours)
(Table S5). The modification of KRASCG12C was maximized after repeated daily dosing for 3
days at 30 mg/kg (Figure 2B) and higher dose levels did not demonstrate additional
KRASC12C modification in multiple tumor models (data not shown). The maximum level of
modification of ~80%, despite increasing dose and plasma levels of MRT X849 suggests that
accurate measurement of complete inhibition of KRASG12C ytilizing LCMS may not be
attainable potentially due to a pool of active, non-cycling, or unfolded KRASG12C protein in
tumors. Together, these studies demonstrated a dose-dependent increase in covalent
modification of KRASCG12C by MRTX849 and that the majority of targetable KRAS was
covalently modified by MRTX849 over a repeated administration schedule at dose levels at
or exceeding 30 mg/kg.

To evaluate the effect of MRTX849 on KRAS-dependent signal transduction /n vivo, a
single dose of MRTX849 at 10, 30 or 100 mg/kg was administered to H358 tumor-bearing
mice. Dose-dependent inhibition of ERK1/2 and pS65235/36 phosphorylation was observed
at 6 hours post-dose based on immunoblot and densitometric analysis (Figure 2C).
MRTX849 also demonstrated marked inhibition of ERK1/2 and $65235/36 phosphorylation
after one or three daily doses at 6 or 24 hours and levels gradually recovered by 72 hours
after the final dose (Figure 2D). pERK1/2 and pS65235/36 were further evaluated in formalin-
fixed, paraffin-embedded sections from vehicle and MRTX849-treated xenografts in four
tumor models utilizing immunohistochemical (IHC) methods coupled with image analysis
algorithms. These studies demonstrated increased pERK1/2 and pS6 in non-tumor/stromal
cells following MRT X849 administration indicating that immunoblotting studies with bulk
tumor lysate likely underrepresent the degree of pathway inhibition in tumor cells, whereas
IHC-based evaluation may more accurately reflect both the degree and spatial impact of
pathway inhibition. Maximal inhibition was observed for both ERK and $65235/36
phosphorylation after a single dose at the six-hour time point with a rebound in signaling
evident 24 hours post-single dose in each model (Figure S4). Marked inhibition of ERK
phosphorylation was observed at 6 hours post administration with 89%, 94%, and 94%
inhibition observed compared with vehicle controls in MIA PaCa-2, H1373, and H2122
tumors, respectively (H358 pERK not quantifiable). This indicates that dose levels at or
exceeding 30 mg/kg dose maximized inhibition of ERK phosphorylation in multiple models
(Figure S4A and S4B). Inhibition of S6 phosphorylation at 6 hours was more variable with
percent inhibition values of 76%, 50%, 86%, and 56% observed in MIA PaCa-2, H1373,
H358, and H2122 tumors, respectively (Figure S4B). Together, these data indicate consistent
acute (6 hr) inhibition of KRAS-dependent ERK phosphorylation was maximized in all
evaluated models, whereas, inhibition of S65235/36 was more variable, presumably due to
varying degrees of KRAS-independent activation of this pathway in different tumor models.

MIA PaCa-2 and H358 were selected as MRTX849-responsive tumor models, thereby
enabling a high-resolution understanding of dose-response relationships. Significant, dose-
dependent, anti-tumor activity was observed at the 3, 10, 30 and 100 mg/kg dose levels in
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the MIA PaCa-2 model (Figure 2E). Evidence of rapid tumor regression was observed at the
earliest post-treatment tumor measurement and animals in the 30 and 100 mg/kg cohorts
exhibited evidence of a complete response at study Day 15. Dosing was stopped at study
Day 16 and all 4 mice in the 100 mg/kg cohort and 2 out of 7 mice in the 30 mg/kg cohort
remained tumor-free through study Day 70 (Figure S5A). In a second MIA PaCa-2 study,
dose-dependent anti-tumor efficacy was observed at the 5, 10 and 20 mg/kg dose levels and
2/5 mice at the 20 mg/kg dose level exhibited complete tumor regression (Figure S5B).
Significant dose-dependent anti-tumor efficacy was also observed in the H358 model,
including 61% and 79% tumor regression at the 30 and 100 mg/kg dose levels, respectively,
at Day 22 (Figure S5C). MRT X849 was well-tolerated and no effect on body weight was
observed at all dose levels evaluated (Figure S5D). These studies indicated that MRT X849
demonstrated dose-dependent anti-tumor efficacy over a well-tolerated dose range and that
the maximally efficacious dose of MRT X849 is between 30-100 mg/kg/day.

MRTX849 Demonstrates Broad Spectrum Tumor Regression in KRASG12C Cell Line and
Patient-Derived Xenograft Models

To evaluate the breadth of anti-tumor activity across genetically and histologically
heterogenous KRASC2C.mutant cancer models, MRTX849 was evaluated at a fixed dose of
100 mg/kg/day (a dose projected to demonstrate near maximal target inhibition in most
models) in a panel of human KRAS®12C.mutant cell line- (CDX) and patient-derived
xenograft (PDX) models. MRT X849 demonstrated tumor regression exceeding 30% volume
reduction from baseline in 17 out of 26 models (65%) at approximately three weeks of
treatment (Figure 3A and Table S6). By comparison, MRT X849 did not exhibit significant
anti-tumor activity at 100 mg/kg in three non-KRASCG12C-mutant models (Figure 3A and
Table S6). Together, these results indicate that KRASG12C-mutant tumors are broadly
dependent upon mutant KRAS for tumor cell growth and survival and that MRT X849 elicits
anti-tumor activity through a KRAS®12C-dependent mechanism.

While MRTX849 exhibited marked anti-tumor responses in the majority of models tested, a
response pattern ranging from delayed tumor growth to complete regression was observed
across the xenograft panel. The response to treatment was categorized as sensitive, partially
sensitive and treatment refractory (Figure 3B). Rank order and Pearson statistical analyses
were performed to evaluate the correlation between /in vitro potency (ICsq in 2D or 3D
viability assays) and anti-tumor response /n vivo (% regression or progression on Day 22)
and a significant correlation between response in cell lines compared with tumor models was
not observed (Figure S6A and S6B). Thus, we focused on a comprehensive analysis of
correlates with MRT X849 tumor response /n vivo including tumor histology, co-occurring
genetic alterations, as well as baseline or drug-induced changes in expression of KRAS-
related genes (RNAseq) and/or protein signaling networks (RPPA [28] in 18 models) (Figure
S7). No individual genetic alteration, including, but not limited to, KRAS mutant allele
frequency, TP53, STK11, or CDKNZ2A predicted the anti-tumor activity of MRTX849.
Interestingly, baseline gene and/or protein expression of selected members of the HER
family of RTKSs and of regulators of early cell cycle transition did exhibit a trend with the
degree of anti-tumor response suggesting these pathways may influence the response to
KRAS inhibitors (Figure S7A). Together, these data indicate that there are no individual
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binary biomarkers that clearly predict therapeutic response and that the molecular
complexity and heterogeneity present in distinct KRAS mutated tumors may contribute to
the response to target blockade.

MRTX849 Antitumor Activity Translates to RECIST Responses in Cancer Patients

A 45-year old female former-smoker diagnosed with stage 1V lung adenocarcinoma and
refractory to multiple lines of therapy including carboplatin/pemetrexed/pembrolizumab,
docetaxel, and investigational treatment with binimetinib and palbociclib was enrolled onto
the MRTX849-001 Phaselb clinical trial with 2 bilateral lung lesions and mediastinal lymph
node as target lesions. Targeted next-generation sequencing (NGS) demonstrated a KRAS
G12C mutation (c.34G>T). In addition, loss-of-function KEAPI (K97M) and STK11
(E223*) mutations were detected and are predicted to be deleterious to their respective
proteins. The patient was administered MRTX849 (600 mg BID) and had marked clinical
improvement within 2 weeks, including complete resolution of baseline cough and oxygen
dependency. A RECIST-defined partial response of 33% reduction of target lesions was
observed at Cycle 3 Day 1 (45 Days) and the patient continues on study (Figure 4A).

A 47-year old female never-smoker with metastatic adenocarcinoma of the left colon who
exhibited progressive disease after receiving multiple lines of systemic therapy including
FOLFOX plus bevacizumab, single agent capecitabine, plus bevacizumab, and an
investigational antibody drug conjugate was enrolled into the MRTX849-001 Phaselb
clinical trial. This patient had extensive metastases involving the liver, peritoneum, ovaries
and lymph nodes. Targeted NGS identified a KRAS G12C mutation. The patient was
administered MRTX849 (600 mg BID) and demonstrated marked clinical improvement
within 3 weeks and a visible decrease in size of her umbilical Sister Mary Joseph’s nodule.
Her CEA levels decreased from 77 ng/ml at baseline to 11 ng/ml at Cycle 2 Day 1 and 3
ng/ml by Cycle 3 day 1 (normal range 0-5 ng/ml). A RECIST-defined partial response with
37% reduction of target lesions and complete response of a non-target lesion was observed
at Cycle 3 Day 1 (Day 42). Confirmatory CT scans were conducted at Cycle 5, Day 1 (Day
84) and indicated a confirmed RECIST partial response with further reduction of target
lesions at —47% from baseline (Figure 4B). The patient remains on treatment through Cycle
6.

Temporal Effects of MRTX849 on KRAS-Dependent Signaling and Feedback Pathways and
Relationship to Anti-tumor Activity Following Repeat Dosing in Xenograft Models

A comprehensive analysis was conducted to evaluate MRTX849-induced temporal
molecular changes to further interrogate mechanisms of drug response across sensitive and
partially sensitive models. To evaluate temporal changes in global gene expression,
xenograft-bearing mice were administered vehicle or 100 mg/kg MRT X849 and RNAseq
was performed on tumors at 6 and 24 hours post-treatment. Gene expression was evaluated
at Day 1 and Day 5 for the sensitive models MIA PaCa-2 and H1373 to ensure sufficient
tissue availability from regressing tumors, or at Day 7 in the partially sensitive models H358,
H2122 and H2030 to coordinate with tumor stasis plateau. The top differentially expressed
Gene Set Enrichment Analysis (GSEA) hallmark gene sets, regardless of tumor response, in
all five models were several KRAS-annotated gene sets confirming MRTX849 selectively
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inhibits multiple genes directly related to KRAS signaling. MYC, mTOR, cell cycle, and
apoptosis/BCL-2 pathway gene sets were also strongly differentially expressed confirming
MRT X849 broadly impacted multiple well-established, KRAS-regulated pathways, several
of which have proven difficult to directly inhibit with previous targeted therapies (Figure 5A,
5B, S8A-D). The marked impact of MRTX849 on a large number of genes that regulate cell
cycle and apoptosis provides further insight into molecular mechanisms which mediate its
antitumor activity.

Targeted RNAseq analysis was performed on genes implicated in the temporal regulation of
external signaling inputs and feedback pathways which collectively temper signaling flux
through the RAS/RAF/MEK/ERK MAP kinase (MAPK) pathway including DUSP, SPRY
and Pleckstrin Homology Like Domain Family A Member (PHLDA) family genes [13, 18].
These MAPK pathway negative regulators were each ranked among the most strongly
decreased genes following MRTX849 treatment providing evidence that ERK-dependent
transcriptional output is blocked and that pathways involved in reactivation of RTK- and
ERK -dependent signaling were activated (Figure 5C and S4A).

Based on the observation of dynamic changes in transcriptional programs linked to KRAS
pathway reactivation, IHC plus quantitative imaging of tumor cell-specific phospho-ERK
and -S6 was evaluated over a range of time points. In the sensitive MIA PaCa-2 and H1373
tumor models, treatment with MRTX849 (100 mg/kg) demonstrated =90% inhibition of
ERK phosphorylation at 6 and 24 hours on both Day 1 and 5 (Figure S4). In contrast, in the
partially sensitive H358 and H2122 models, robust inhibition of ERK phosphorylation was
observed at 6 hours after a single dose; however, marked recovery of ERK phosphorylation
was observed at 24 hours post-single dose and at both 6 and 24 hours following 7 days of
repeat-dose administration. Because DUSP, SPRY, and ETV family transcripts remain
downregulated through 5-7 days in all models, it is evident that other independent factors
contribute to temporal reactivation of ERK (Figure 5C). Similar to what was observed with
single dose administration, the effect of MRTX849 on phosphorylated S6 was variable over
time and did not track with the anti-tumor activity of MRTX849. Together, these results
suggest that the extent and duration of inhibition of phosphorylated ERK may track with the
magnitude of anti-tumor efficacy of KRASCG12C inhibitors and that further evaluation of the
role of the S6 is required to understand if it plays a role in drug sensitivity.

The effect of MRTX849 on cell proliferation and apoptosis was characterized by IHC
analysis of Ki67 or cleaved caspase-3 after a single dose or repeat administration. The
fraction of Ki67-positive cells was significantly reduced in tumors after repeat
administration in all four models tested further supporting a broadly operative anti-
proliferative mechanism, independent of the magnitude of MRT X849 anti-tumor response
(Figure S4). Induction of apoptosis as determined by cleaved caspase-3 immunostaining was
also evident on Day 1 of treatment (6 and/or 24 hr post-treatment) in the sensitive H358,
MIA PaCa-2, and H1373 models (79-100% maximal regression) but not in the partially
sensitive H2122 model (Figure S4). An expanded RPPA-based pathway analysis of several
models also indicated a correlation between anti-tumor activity of MRT X849 and decreased
survivin (statistically significant at Day 5/7 in 7 models evaluated) (Figure S7B) and a trend
toward increased cleaved caspase-3 induction (Day 1, p = 0.08, 16 models) supporting the
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induction of apoptosis as a key mediator of a cytoreductive anti-tumor response (Figure
S7C). Interestingly, the magnitude of reduction of MYC and cyclin B1 protein levels at Day
5/7 also closely correlated with MRT X849 anti-tumor activity, consistent with their roles as
a critical regulators of KRAS-mediated cell growth and survival pathways (Figure S7B).
Collectively, these data support that durable inhibition of ERK activity and that maximal
inhibition of ERK-regulated outputs including MY C and E2F-mediated transcription are
associated with induction of apoptosis and maximal response to MRT X849 treatment.

CRISPR/Cas9 Screen ldentifies Vulnerabilities and Modifiers of Response to MRTX849 in
KRASCG12C.Mutant Cancer Cell Lines In Vitro and In Vivo

The correlative analysis of genomic or proteomic markers with response to MRTX849 in the
defined panel of models provided only limited insight toward mechanism of therapeutic
response or resistance. Therefore, we directly interrogated the role of selected genes in
mediating therapeutic response utilizing a focused CRISPR/Cas9 knockout screen targeting
approximately 400 genes including many genes involved in KRAS signaling. This was
conducted in H358 and H2122 cells /n vitro and in H2122 xenografts /n vivoin presence and
absence of MRTX849 treatment (Figure SOA-F). In MRTX849-anchored screens /n vitro,
sgRNAs that target RAS signaling pathways genes including MYC, SHP2 (H2122), mTOR
pathway (MTOR and RPS6), and cell cycle genes (CDK1, CDKZ2, CDK4/6 and RBI) were
identified to impact cell fitness. SgRNAs that target KEAPZ and Cb/were enriched in the
H2122 model demonstrating cell-specific genetic routes towards improved fitness through
loss of classical tumor suppressor genes, including in the context of MRT X849 treatment.
KRAS sgRNA dropout was less pronounced in the MRTX849-treated cells compared with
DMSO control-treated cells as would be expected with redundant depletion of the drug
target (Figure S9C and S9D). To evaluate whether a distinct KRAS dependence or
modulation of MRT X849 therapeutic response was observed /n vitrovs in vivo, xenograft-
bearing mice bearing H2122 cells (~250 mm3) transduced with the sgRNA library were
orally administered vehicle or MRT X849 for two weeks (Figure S9A, S9E and S9F). In
MRTX849-treated xenografts, SgRNAs targeting cell cycle, SHP2, MYCand mTOR
pathway genes remained among the top depleted sgRNAs demonstrating inhibition of these
targets /n vivo, in the context of KRAS inhibition, leads to further tumor growth inhibition
over and above the effects of KRAS inhibition alone (Figure S9E and S9F). sgRNAs
targeting the tumor suppressor KEAPI were enriched in MRT X849-treated xenografts
suggesting loss of KEAPI may represent a mechanism of intrinsic or acquired resistance.
Interestingly, NRAS was one of the top enriched genes in the vehicle-treated xenografts
suggesting MRAS functions as a tumor suppressor in this context, however enrichment was
not as pronounced in the MRTX849-treated xenografts suggesting NRAS may compensate
for KRAS in the context of KRAS inhibition (Figure S9F). Collectively, these data
demonstrate the importance of selected proteins that regulate RTK and RAS-dependent
signaling and cell cycle transition in mediating the oncogenic effects of mutant KRAS, and
also provide a catalogue of potentially druggable vulnerabilities that complement KRAS
blockade.
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Cancer Therapeutic Combination Screen to Identify Rational and Clinically Tractable
Strategies to Address Feedback and Resistance Pathways

To further interrogate pathways that mediate the anti-tumor response to MRT X849 and to
identify combinations capable of enhancing response to MRT X849, a combination screen
was conducted /n vitro using a focused library of small molecule inhibitors across a panel of
cell lines (Figure S10A, S10B, and Table S8). Approximately 70 compounds targeting
relevant pathways (RTKs, MAPK/ERK, PI3K, mTOR, cell cycle) were tested in a 3 or 7-day
viability assay and synergistic combinations were identified and ranked. Multiple hits from
this screen were then identified for additional evaluation in combination studies with

MRT X849, including the HER family inhibitor afatinib, the CDK4/6 inhibitor palbociclib,
the SHP2 inhibitor RMC-4550, and mTOR pathway inhibitors.

Combination Strategies That Target Upstream Signaling Pathways Implicated in Extrinsic
Regulation of KRAS Nucleotide Cycling and Feedback/Bypass Pathways

MRT X849 in combination with HER family inhibitors synergistically inhibited tumor cell
viability in the majority of cell lines evaluated and were the top hit in the combination screen
in vitro (Figure S10). Cell lines with highest (top 50" percentile) average composite baseline
RNA expression values of selected HER family members exhibited the highest synergy
scores to these combinations (Figure S11A). Afatinib was selected as a prototype HER
family inhibitor based on its broad /n vitro combination activity. Combination studies were
conducted with MRTX849 and afatinib in five tumor models that were partially sensitive or
treatment refractory to single agent MRTX849. The MRTX849 and afatinib combination
demonstrated significantly greater anti-tumor efficacy compared with either single agent in
all five models evaluated including multiple models exhibiting complete or near complete
responses to the combination (Figure 6A and S11B

To evaluate whether afatinib impacted covalent modification of KRASC12C by MRT X849,
partially sensitive H2122 cells were treated with increasing concentrations of MRT X849
alone or in the presence of afatinib (200 nM, 1Cqg) and the mobility shift in KRAS protein
was densitometrically determined from immunoblots. A clear shift in the concentration-
response to MRT X849 was apparent in the presence of afatinib indicating that the
combination increased the fraction of modified KRASCG12C consistent with the putative role
of HER family receptors in extrinsic regulation of KRAS®12C GTP loading (Figure 6B). The
concentration-response relationship for inhibition of ERK phosphorylation was also clearly
shifted in the presence of afatinib. To further evaluate the effect of the combination on
KRAS-dependent signaling, four cell lines (H2030, H2122, H358, and KY SE-410) were
treated over a range of MRT X849 concentrations in presence or absence of afatinib for 6 or
24 hours and key signaling molecules were evaluated by RPPA. Afatinib demonstrated clear
inhibition of EGFR (pY1068) and HER2 (pY 1248) activity and partial inhibition of ERK,
Akt (S473), and p70S6K phosphorylation at both time points (Figure S11C). The effect of
afatinib on S6 (S235/236, S240/244) and p90 RSK (S380) phosphorylation was variable and
exhibited only minimal inhibition in most of the cell lines evaluated. The combination of
afatinib and MRT X849 demonstrated markedly enhanced concentration-dependent
inhibition and/or a greater magnitude of effect on ERK, RSK, p70 S6K, and S6 (5235/236)
phosphorylation compared with MRTX849 alone at both 6 and 24 hours. Of note, neither
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afatinib, nor MRT X849 alone inhibited S6 phosphorylation at the S240/244 site regulated by
MTOR/S6K whereas the combination demonstrated marked inhibition at 24 hours.

In vivo, the combination also exhibited a trend towards increased pERK and pS6 (S235/236)
inhibition in the partially sensitive H2122 model in combination groups as determined by
quantitation of immunostaining after one- or seven-days administration (Figure 6C). Similar
results were observed in the MRTX849-refractory KYSE-410 model and the combination
also increased the number of apoptotic cells in this model (Figure S12A-C). Collectively,
these data indicate that upstream baseline HER family activation may limit the ability of
MRT X849 to achieve robust inhibition of the ERK and mTOR/S6 signaling pathways.
Accordingly, the combination of afatinib and MRT X849 can limit feedback reactivation of
ERK and demonstrate complementary inhibition of Akt/mTOR/S6 signaling resulting in
significantly improved anti-tumor activity.

SHP2 inhibition has been shown to inhibit the growth of cells that harbor KRASG12C
mutations and this effect is likely mediated, in part, by decreasing KRAS GTP loading [25-
27]. To evaluate whether SHP2 inhibition enhanced covalent modification of KRASG12C py
MRT X849, H358 and H2122 cells were incubated with increasing MRT X849 concentrations
with or without the SHP2 inhibitor, RMC-4550. In both cell lines, co-treatment with
RMC-4550 (1 uM, 1Cqp) demonstrated a MRT X849 concentration-dependent increase in
KRASC12C protein modification and concomitant decrease in ERK phosphorylation
compared with MRTX849 alone (Figure 6D and S13A). RPPA analysis of KRAS-dependent
signaling was conducted at 6 or 24 hours post treatment in three cell lines (H358, H2030,
H2122) over a range of MRT X849 concentrations in the presence or absence of RMC-4550.
RMC-4550 demonstrated robust inhibition of ERK phosphorylation and partial inhibition of
p90 RSK (S380) and p70 S6K (T412) at both time points (Figure S13B). The combination
of RMC-4550 and MRT X849 demonstrated incrementally increased concentration-
dependent inhibition of ERK and RSK phosphorylation in all cell lines at both 6 and 24
hours and markedly improved inhibition of S6 (S235/236) phosphorylation compared with
MRTX849 alone in H2122 and H358 cells at 24 hours. In addition, the combination
demonstrated near complete inactivation of KRAS in MRT X849 refractory KYSE-410
xenografts as determined using an active RAS ELISA assay and this was significant
compared with single agents (Figure S13C). Based on these findings, combination studies
were conducted with MRTX849 and RMC-4550 in six KRASC12C-mutated tumor models in
vivo and the combination demonstrated significantly greater anti-tumor efficacy compared
with either single agent in 4/6 models evaluated (Figure 6E and S13D). Consistent with the
in vitro data, the combination also demonstrated a significant decrease in ERK
phosphorylation compared with either single agent in the KYSE-410 model as determined
by quantitation of tumor cell immunostaining on Day 1 at 6 and 24 hours and Day 7 at 6
hours post-dose (Figure 6F). Together, these data indicate that EGFR family and SHP2
blockade can augment the anti-tumor activity of KRASG12C inhibitors through enhancing
covalent target modification and establishing a more comprehensive blockade of KRAS-
dependent signaling.
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Combinations That Inhibit Bypass Pathways Downstream of KRAS and Exhibit Increased
Anti-tumor Activity in Xenograft Models

KRAS is implicated in regulation of the oncogenic S6 protein translation pathway through
both ERK-dependent activation of RSK, which phosphorylates S6 at Ser23%/236 and through
crosstalk with the P13 kinase and mTOR pathway that additionally phosphorylates S6 at
Ser240/244 129]. However, the S6 pathway can also be activated independently of mutated
KRAS in tumor cells through hyperactivated RTK signaling, P13 kinase activation, or
STK11 mutations each of which converge on mTOR-mediated activation of S6. In the /n
vitro combination screen, mTOR inhibitors demonstrated synergy in a subset of evaluated
cell lines (Figure S14A). To further evaluate the effect of the combination on KRAS and
mTOR pathway-dependent signaling, four cell lines were treated with MRTX849 in
presence or absence of the selective ATP-competitive mTOR inhibitor, vistusertib (1 uM) for
6 or 24 hours and several signaling molecules were evaluated by RPPA. Vistusertib
demonstrated clear and robust inhibition of several components of the PI3 kinase/mTOR
signaling pathway including Akt (S473), p70 S6K (T412), S6 (pS235/236, S240/244), and
4E-BP1 (S65, T70) phosphorylation in each cell line at both time points consistent with its
mechanism of action (Figure S14B). MRT X849 alone did not affect 4E-BP1 or S6
(S240/244) activity and it exhibited a variable and cell line-dependent effect on p70 S6K and
S6 (pS235/236) phosphorylation in these cell lines. Vistusertib also demonstrated marked
induction of ERK phosphorylation, often several fold over vehicle control, at both time
points in all four cell lines consistent with prior reports [30]. The combination of vistusertib
and MRTX849 demonstrated a comparable level of inhibition of ERK phosphorylation
compared to single agent MRT X849 indicating that the activation of ERK signaling by
vistusertib was impeded by the combination of the two agents. In addition, MRT X849
combined with vistusertib demonstrated further inhibited p70 S6K and Akt S473
phosphorylation compared with either single agent. Near complete inhibition of S6
(S235/236, S240/244) phosphorylation at limit of detection was observed for the
combination in each cell line at evaluated time points.

Consequently, a cohort of tumor models were identified and the combination of MRT X849
with the selective mTOR inhibitor vistusertib demonstrated marked tumor regression and
significantly improved anti-tumor activity compared with either single agent in all six
models evaluated (Figure 7A and S14C). MRTX849 in combination with a second,
differentiated mTOR inhibitor everolimus, which inhibits TORC1 but not TORC2, in the
H2030 xenograft model also demonstrated a striking combination effect (Figure S14D). In
the KRASCL2C, STK11-mutant H2030 model, MRTX849 demonstrated marked inhibition
of ERK phosphorylation through 24 hours, but only exhibited partial inhibition of pS6235/36
at 6 hours post-dose, on Day 1 and 7 (Figure 7B and 7C). Vistusertib demonstrated marked
inhibition of pS6235/36 at 6 hours post-treatment with evidence of recovery by 24 hours. The
combination of vistusertib and MRTX849 did not have a further effect on ERK
phosphorylation but demonstrated a significant reduction in pS623%/38 at Day 1 at 24 hours
compared with vistusertib alone and a trend towards reduced pS6235/36 at both Day 1 and
Day 7 at 6 hours compared with either single agent (Figure 7B and S14E). Together, these
data indicate that MRTX849 and mTOR inhibitor combination demonstrates complementary

Cancer Discov. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hallin et al.

Page 14

inhibition of the ERK and mTOR/S6 signaling pathways resulting in broad anti-tumor
activity in KRASSZ2C-.mutant tumor models.

Signaling through KRAS is known to mediate cell proliferation, at least in part, through the
regulation of the cyclin D family and triggering Rb/E2F-dependent entry of cells into cell
cycle. Loss of function mutations and homozygous deletions in the cell cycle tumor
suppressor CDKNZA (p16) are co-incident in a subset of KRAS-mutant NSCLC and
hyperactivate CDK4/6-dependent Rb phosphorylation and cell cycle transition. In the
CDKNZA-null H2122 and SW1573 cell lines /n vitro, MRT X849 demonstrated
concentration-dependent partial inhibition of Rb phosphorylation (pRB pS807/811) and
concurrent increase in p27 in H2122, but not SW1573 cells, at 24 hours (Figure 7D and
S15A). MRTX849 in combination with the CDK4/6 inhibitor palbociclib (1 pM),
demonstrated near complete inhibition of pRb in both H2122 and SW1573 cells and further
induced p27 in H2122 cells. Interestingly, pS6 (S235/236) was also much more effectively
suppressed by the combination in both H2122 and SW1573 cells, which is consistent with a
recent report [31]. RNA expression of target genes and RPPA analysis of target protein
signaling events was also used as a readout of cell cycle inhibition in the H2122 tumor
model /n vivo, and the combination of MRTX849 and palbociclib significantly inhibited
E2F1 and selected E2F family target genes and induced p27 protein expression to a greater
degree compared to either single agent and further reduced the number of Ki67 positive cells
after 7 days of administration (Figure 7E, S15B and S15C). In addition, the combination
demonstrated a significant decrease in pRB (S780) compared with either single agent after 7
days of administration in SW1573 tumors /in vivo (Figure S15D). This combination also
induced tumor regression in five tumor xenograft models which was significant compared
with either single agent control (Figure 7F and S15E). While not significant, a trend was
noted in which models with CDKN2A homozygous deletion exhibited an increased anti-
tumor response to the combination of MRT X849 and CDKA4/6 inhibition compared with
models lacking evidence of genetic dysregulation of key cell cycle genes (Figure S15F and
S15G).

Discussion

The identification of MRTX849 as a highly selective KRASC12C inhibitor capable of near
complete inhibition of KRAS /n vivo provides a renewed opportunity to better understand
the role of this mutation as an oncogenic driver in various cancers and to guide rational
clinical trial design. The lack of a significant correlation between sensitivity to MRTX849
anti-tumor activity in /n vitro versus in vivo model systems made it necessary to further
study KRAS oncogene dependence in tumor models /in vivo, a more clinically relevant
setting. The demonstration that MRTX849 exhibited significant anti-tumor efficacy in all
evaluated KRASC12C.mutated cancer models and demonstrated marked regression in the
majority (65%), confirms that this mutation is a broadly operative oncogenic driver and that
MRT X849 represents a compelling therapeutic opportunity. This evidence of activity
extended to patients as demonstrated by RECIST partial responses in two patients enrolled
in a Phase | clinical trial of MRTX849. Collectively; however, these data also illustrate that
the degree of dependence of cancer cells on presence of a KRASG12C mutation for growth
and survival can vary across tumors and that co-occurring genetic alterations observed in
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KRAS-mutated cancers may influence response to direct targeted therapy. The further
observation that KRAS mutations occur across different cancers and that no single co-
occurring genetic alteration predicted response to treatment illustrates the genetic
heterogeneity of KRAS-driven cancers. Findings in the present studies are consistent with
other functional genomics or therapeutic strategies to block KRAS function across panels of
cell lines or models which demonstrated a highly significant response of KRAS mutant cells
to target knockdown, a heterogenous magnitude of response, and no clear co-occurring
aberrations that predict resistance to target blockade [5, 32, 33]. Interestingly, despite the
implication that certain mutations that co-occur with KRAS including 7P53, STK11, and
KEAPI may limit therapeutic response in KRASG12C_positive lung cancers, none of these
mutations correlated with response or resistance in the cell line panel. In addition, the partial
response we reported in the lung adenocarcinoma patient was observed in a patient
harboring deleterious co-mutations in both STKZ1 and KEAPL Together, these data further
illustrate the heterogeneity and complexity of KRAS-mutated cancers and suggest that no
binary co-occurring genetic event may be predictive of therapeutic response.

Temporal and dose-response analysis indicated maximal modification of KRAS®12C and
durable inhibition of KRAS-dependent signaling was important in maximizing therapeutic
response. The recovery of ERK signaling and the inability to inhibit mTOR/S6 signaling
despite continued treatment were each associated with transient or submaximal response to
MRTX849. ERK1/2 is implicated in direct phosphorylation and negative feedback
regulation of EGFR (T669), FGFR1 (S777), and SOS1 and each of these targets may
facilitate KRAS®12C.independent resetting of ERK signaling flux [34-36]. The rapid and
remarkable suppression of ERK pathway-regulated transcripts such as DUSP and SPRY/
SPRED family members by MRTX849 in all models evaluated is consistent with that
observed for RAF inhibitors and is implicated in reactivation of ERK and RTK signaling
[18, 19]. The dual-specificity phosphatases, DUSP4 and 6, were strongly suppressed by
MRT X849 and are implicated in dephosphorylating and inactivating ERK1/2 [14, 18, 37]
whereas Spry family members are implicated in the negative regulation of RTKSs, adaptor
proteins (e.g., Grb2), and may participate in modifying RAS family nucleotide exchange and
effector binding (e.g., Raf1) [38]. Although suppression of DUSP and SPRY/SPRED were
broadly observed in all models, the magnitude of signaling reactivation and response to
MRT X849 varied across models. This suggests some tumor models harbor additional factors
that bypass KRAS dependence or impact RAS pathway signaling flux, such as expression or
activation of selected RTKSs (e.g., ERBB2Z amplification in the KYSE-410 model) or STK11
loss-of-function mutations and may be primed for feedback reactivation of RAS-dependent
signaling and/or limit the degree of signaling inhibition by MRTX849. This phenomenon
was observed for BRAFV600E mutant colon cancer (but not melanoma) which exhibits
high baseline EGFR expression, is primed for rapid feedback activation of this RTK, and is
resistant to single agent inhibition but highly responsive to co-targeting BRAF (and/or
MEK) and EGFR [20]. In addition, blockade of BRAF or MEK1/2 resulted in feedback-
mediated activation of the P13 kinase/mTOR signaling pathway in concert with the co-
activation of upstream RTKSs (e.g., EGFR) resulting in bypass of ERK pathway dependence
and therapeutic resistance [17, 20, 39]. The observation that baseline expression of HER
family RTKSs trended with MRT X849 anti-tumor activity and that CRISPR-based drug-
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anchored screens implicated EGFR, SHP2, and mTOR/S6 pathways as co-targetable
vulnerabilities both support the hypothesis that these targets act as conditional response
modifiers.

Activation of RTK signaling in the context of KRASG12C.mutant cancer was predicted to
limit MRT X849 therapeutic response both by enhancing extrinsic regulation of GTPase
activity and initiating KRAS-independent ERK and mTOR/S6 pathway activation.
Therefore, HER family and SHP2 inhibition were employed as strategies to either block the
critical RTK family in KRAS-mutant cells or to block collective RTK signaling downstream,
respectively. As MRTX849 only binds GDP-KRASG12C, hoth HER family and SHP2
inhibition each enhanced KRASG12C modification by MRTX849 and significantly improved
anti-tumor activity. This observation is consistent with the putative role of activated RTKSs in
the engagement of SHP2 to mediate SOS1-dependent RAS GTP loading and to diminish
RAS GAP activity each of which converge on enhanced RAS activation state [40]. The
afatinib combination demonstrated a clear and marked inhibition of both the ERK/RSK and
Akt/mTOR/S6 signaling pathways whereas the SHP2 inhibitor combination demonstrated a
clear impact on ERK/RSK signaling and relatively less prominent impact on mTOR/S6
signaling. Although afatinib may more effectively address mTOR/S6 bypass signaling,
SHP2 inhibition should be an effective combinatorial strategy to combat other RTKs outside
of the HER family, such as FGFRs or MET, that could impact KRAS dependence. To further
address bypass signaling mediated by RTK activation or STKZ1 mutations, each of which
activate the mTOR/S6 signaling pathway independently of KRAS, mTOR inhibition in
combination with MRT X849 was also evaluated. MRTX849 in combination with vistusertib,
in fact, demonstrated significantly improved anti-tumor activity /n vivo compared with either
single agent in all six tumor models evaluated, regardless of S7TKZ1 mutational status.
Consistent with the mechanism of action of vistusertib, comprehensive inhibition of Akt/
mTOR/S6 signaling was observed for vistusertib alone and near complete inhibition of
pS65235/36 & 240/44 \ya5 observed in combination. In addition, the marked feedback
reactivation of ERK by vistusertib was relieved by the combination. The induction of ERK
activity has been observed in tumor cells following mTORCL1 inhibition by rapalogs or ATP-
competitive inhibitors and has been implicated in limiting antitumor activity of this class of
agents [30, 41, 42] supporting the suppression of ERK signaling by MRT X849 as a key
mechanism of response to the combination. Notably, all three combination strategies
converge on more comprehensive inhibition of KRAS-dependent signaling converging on
ERK and S6 activity. In addition, although the inhibition of the Akt/mTOR/S6 did not
correlate with model response to MRT X849 (potentially due to tumor heterogeneity), the
observation that both MTOR and RPS6 drop out in drug anchored CRISPR screens and that
effective combination strategies more comprehensively block this pathway illustrate its
likely importance in maximizing therapeutic response in KRAS mutated cancers.

Cell cycle dysregulation due to genetic alterations in cell cycle regulators identified
additional factors that could modify the therapeutic response to MRTX849. In addition,
CDKNZA, RB1, CDK4and CDK6 were all identified as gene targets that impacted cell
fitness in CRISPR screens. Genetic alterations including homozygous deletion of CDKNZA
or amplification of CDK4 or CCND1 comprise up to 20% of KRAS-mutated NSCLC [43].
Combination studies with MRTX849 and palbociclib /in vivo demonstrated more
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comprehensive inhibition of Rb and E2F family target genes and increased anti-tumor
activity compared with either single agent in NSCLC maodels. In addition, these studies
indicated that the combination resulted in more effective inhibition of S6 (S235/236)
phosphorylation establishing a previously unappreciated connection between cell cycle
blockade and protein translation pathways. Notably, this combination was especially
effective in CDKNZA-deleted models suggesting that this combination strategy may be
primarily beneficial in a molecularly-defined subset of patients characterized by decoupling
of cell cycle regulation from KRAS.

Collectively, models exhibiting a cytoreductive response to single agent MRT X849
demonstrated a more comprehensive and durable inhibition of KRAS-dependent signaling
and induction of an apoptotic response. These data suggest maintaining durable inhibition of
KRAS-dependent signaling below a defined threshold is required to elicit tumor regression.
The elucidation of mechanisms that limit the therapeutic response to single agent KRAS
inhibition has provided insight toward strategies to enhance therapeutic activity in KRAS-
mutant tumors. Of the 35% of models (9/26) that did not exhibit durable regression with
single agent MRTX849 treatment, 5 models (KYSE410, SW1573, H2122, H2030, LU6405)
were selected for rational combination studies and at least one combination demonstrated
significant improvement in anti-tumor efficacy and elicited a >50% tumor regression in all
five models evaluated. These results suggest essentially all KRASG2C-mutated cancers can
derive clinical benefit from direct KRAS inhibitor-directed therapy either alone or in
combination. Furthermore, rational pathway-centric combination regimens directed at
hallmark signaling nodes may be directed to genetically-defined patient subsets. For
example, KRAS-mutated NSCLC exhibits mutually exclusive, co-occurring genetic
alterations in STK11and CDKNZ2A [43]. The present data suggest that KRASC2C/STK11-
mutated NSCLC could be readily addressed by combining a KRAS®12C inhibitor with an
RTK or mTOR inhibitor whereas KRASG12C/CDKN2A-mutated NSCLC could be more
effectively addressed by combining with a CDK4/6 inhibitor. Collectively, the present
studies support the broad utility of covalent KRASCG12C inhibitors in treating KRASCLZC
mutated cancers and provide defining strategies to identify patients likely to benefit from
single agent or rationally directed combinations.

Material and Methods

Reagents and Cell Lines

MRT X849 was synthesized at Array Biopharma, Inc., (Boulder, CO) or WuXi AppTec
(Wuhan, China). MRTX849 in powder form was stored at room temperature and protected
from light. MRT X849 was formulated in 100% DMSO and aliquoted for long term storage
at —20°C. Roswell Park Memorial Institute 1640 medium (RPMI; #11875-093), Dulbecco’s
Modified Eagle’s Meldium (DMEM; #10566-016), penicillin and streptomycin (#15070-
063), HEPES ((4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid); #15630-080),
Dulbecco’s Phosphate-buffered Saline (DPBS; #14190-136) and sodium pyruvate (#11360-
070) were obtained from Gibco/Thermo Fisher Scientific (Waltham, MA). Fetal Bovine
Serum (FBS) was obtained from Corning (#35-011-CV, Corning, NY) and Nucleus
Biologics (1824-001, San Diego, CA). MIA-PaCa-2, NCI-H358, SW837, NCI-H2122,
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SWT756, Calu-1, SW1573, NCI-H1373, NCI-H2030, NCI-H1792, NCI-H23, UM-UC-3,
Ab49, H1299 and HCT 116 cell lines were obtained from American Type Culture Collection
(ATCC; Manassas, VA) between April 2014 and August 2015. Cell lines are abbreviated
without the NCI prefix for brevity. The HCC-44 cell line was obtained in August 2015 from
Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ; Braunschwieg,
Germany). The LU99, LU65, and IALM cell lines were obtained in September 2017 from
RIKEN (Tokyo, Japan). The KYSE-410 cell line was obtained in August 2015 from Sigma/
Millipore (St. Louis, MO). Human cancer cell lines were maintained at 37°C in a humidified
incubator at 5% CO» and were periodically checked for mycoplasma. Cell lines used for /n
vivo studies were confirmed pathogen and mycoplasma-free by IMPACT 1 assessment
(IDEXX BioAnalytics) prior to implant. Cell lines were carried for no more than 15 cell
passages in this work.

In Vivo Studies

All mouse studies were conducted in compliance with all applicable regulations and
guidelines of the Institutional Animal Care and Use Committee (IACUC) from the National
Institutes of Health (NIH). Mice were maintained under pathogen-free conditions, and food
and water was provided ad /ibitum. 6 — 8-week-old, female, athymic nude-Foxn1™ mice
(Envigo, San Diego) were injected subcutaneously with tumor cells in 100 pl of PBS and
Matrigel matrix in the right hind flank with 5.0e6 cells (Corning #356237; Discovery
Labware, MA) 50:50 cells:Matrigel. Mouse health was monitored daily, and caliper
measurements began when tumors were palpable. Tumor volume measurements were
determined utilizing the formula 0.5 x L x W2 in which L refers to length and W refers to
width of each tumor. When tumors reached an average tumor volume of ~350 — 400 mm?,
mice were randomized into treatment groups. Mice were treated by oral gavage with either
vehicle consisting of 10% research grade Captisol (CyDex Pharmaceuticals, KS) in 50 mM
citrate buffer pH 5.0 or MRTX849 in vehicle at indicated doses. For efficacy studies,
animals were orally administered MRT X849 or vehicle and monitored daily, tumors were
measured 3 times per week and body weights were measured 2 times per week. Study Day
on efficacy plots indicates the day after which MRT X849 treatment was initiated.

For studies conducted at Crown Biosciences China, 4-5-week-old female BALB/c nude
mice were implanted with tumor fragments 2-3 mm in diameter into the right flank via
trocar implant.

For studies conducted at Crown Biosciences San Diego, tumor cells were thawed, washed in
phosphate-buffered saline (PBS), counted and resuspended in cold PBS at between ~50,000
— 100,000 cells per 100 uL. Cell suspensions were mixed with an equal volume of Cultrex
extracellular matrix (ECM) (Trevigen; Gaithersburg, MD; #3432-005-01) and kept on ice. 6
— 8-week-old, female, non-obese diabetic severe combined immunodeficiency (NOD scid)
mice were shaved prior to injection and 100 uL of the ECM-cell mixture was injected in the
rear flank using a chilled 26 7/8-gauge syringe.

Mice were randomized, and dosing was initiated when the mean tumor volume was between
~250 — 300 mm3. Five mice were dosed with either vehicle alone (10% Captisol in 10 mM
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citrate buffer, pH 5.0; Teknova, Hollister, CA; #Q2443) or 100 mg/kg MRTX849 daily by
oral gavage for 21 days (n=5 per group).

Statistical analysis of differences in mean tumor volume between vehicle and MRTX849-
treated cohorts was run using a two-tailed Student’s t-test with equal variance in Excel
(Microsoft; Redmond, WA). P-value < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

The discovery of MRT X849 provides a long-awaited opportunity to selectively target
KRASC12C in patients. The in-depth characterization of MRTX849 activity, elucidation
of response and resistance mechanisms, and identification of effective combinations
provides new insight toward KRAS dependence and the rational development of this
class of agents.
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Figurel.
MRTX849 is a potent, covalent KRASC12C inhibitor /n vitro.

(A) Structure of MRTX849.

(B) Immunoblot protein western analyses of KRAS pathway targets in MIA PaCa-2 cells
treated from 1 hours to 72 hours with MRTX849 at 100 nM.

(C) Immunoblot protein western analyses of KRAS pathway targets in MIA PaCa-2 cells
treated for 24 hours with MRTX849 over a 13-point dose response.

|(D) Left y-axis shows Active RAS ELISA assay to determine the reduction in RAS-GTP
abundance following MRT X849 treatment in MIA PaCa-2 cells for 24 hours. The vehicle
value was normalized to 1 by dividing all average values by the vehicle value. Right y-axis
shows quantitation of KRAS band shift by MRTX849 treatment in MIA PaCa-2 cells for 24
hours as assessed by western blot and densitometry.

(E) In-Cell Western blot assay to evaluate modulation of pERK in MIA PaCa-2 cells grown
in standard tissue culture conditions treated with MRTX849 over a time course.

(F) CellTiter-Glo assay to evaluate cell viability performed on seven KRASG12C.mutant cell
lines and three non-KRASC12C-mutant cell lines cells grown in 2D tissue culture conditions
in a 3-day assay (left panel) or 3D conditions using 96-well, ULA plates in a 12-day assay
(right panel).
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Figure2.
MRTX849 modifies KRASC12C and inhibits KRAS signaling and tumor growth 7 vivo.

(A) MRTX849 was administered orally as a single dose to mice bearing established H358
xenografts (average tumor volume ~350 mm?3) at 10, 30 and 100 mg/kg. KRAS modification
and MRT X849 plasma concentration data from n=3 mice are shown as mean +/- standard
deviation (SD). KRAS®G12C modification was statistically significant vs vehicle control using
the two-tailed Student’s #test. “**” indicates p-value < 0.01.

(B) MRT X849 was administered orally as a single dose or daily for three days to mice
bearing established H358 xenografts (average tumor volume ~350 mm3) at 30 mg/kg.
Plasma was collected 0.5, 2, 6, 24, 48 and 72 hours post administration of the last dose and
tumors were collected 6, 24, 48 and 72 hours post dose. KRASG12C modification and

MRT X849 plasma concentration data are shown from n=3 mice as mean +/- SD. Induction
of modified KRASCG12C protein at all time points was determined to be statistically
significant vs. vehicle control using two-way ANOVA. In addition, induction of modified
KRASC12C protein at 72 hours in Day 1 samples and 48 and 72 hours in Day 3 samples was
statistically significant vs the 6-hour time point. Brackets indicate p-value < 0.05 as
compared from left-most sample.

(C) MRT X849 was administered as in (A). Tumors were collected six hours post dose and
total and phosphorylated ERK1/2 and total and phosphorylated S6 were analyzed by
immunoblot and quantified by densitometric analysis. Relative fluorescent intensity of
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pPERK1/2 and pS6 were normalized by dividing pERK1/2 and pS6 by total ERK1/2 and total
S6, respectively. Vehicle tumors were normalized to 1 by dividing all average values by the
vehicle value. Average pERK1/2 and pS6 values were divided by the average value in
vehicle-treated tumors. Data shown represent the average of 2-3 tumors per treatment group
plus SD. Reduction of pS6 relative fluorescent intensity was determined to be statistically
significant vs vehicle control using the two-tailed Student’s #test. Brackets indicate p-value
<0.05 compared to left-most sample.

(D) MRTX849 was administered as in (B). Tumors were collected 6, 24, 48 or 72 hours post
administration of the last dose and total and phosphorylated ERK1/2 and total and
phosphorylated S6 were analyzed as in (C). Data shown represent the average of 3—4 tumors
per treatment group plus SD. Reduction of pS6 relative fluorescent intensity on Day 3 was
determined to be statistically significant vs vehicle control using two-way ANOVA. Brackets
indicate p-value < 0.05 compared to left-most sample.

(E) MRTX849 was administered via daily oral gavage at the doses indicated to mice bearing
established MIA PaCa-2 xenografts. Dosing was initiated when tumors were ~350 — 400
mm3. MRT X849 was administered to mice daily until Day 16. Data are shown as mean
tumor volume +/- standard error of the mean (SEM). Tumor volumes at Day 16 were
determined to be statistically significant vs vehicle control two-tailed Student’s £test. “**”
indicates p-value < 0.01. “*” indicates p-value < 0.05.
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Anti-tumor activity of MRTX849 in KRASC12C-mutant and non KRAS®12C-mutant human
tumor xenografts models.

(A) MRTX849 was administered via oral gavage at 100 mg/kg QD to mice bearing the cell
line xenograft or PDX model indicated. Dosing was initiated when tumors were, on average,
~250 — 400 mm3. MRTX849 was formulated as a free base and resuspended as a solution in
10% Captisol, 50 mM citrate buffer, pH 5.0. The % change from baseline control was
calculated at Day 19-22 for most models. Statistical significance was determined for each
model and is shown in Table S6. Status of mutations and alterations in key genes are shown
below each model. MAF (%) - Percent KRAS®12C-mutant allele fraction by RNAseq; CNV
— Copy number variation; * denotes very high CDK4 expression by RNAseq and possible
amplification. HER family status was determined by averaging EGFR, ERBB2 and ERBB3
RNAseq expression for CDX (CCLE) or PDX (Crown huBase) models. Positive HER
family calls denote greater than the median expression of the models tested. CDX and PDX
model HER family calls were determined independently.

(B) Tumor growth inhibition plots from representative xenograft models that were
categorized as sensitive, partially sensitive and treatment refractory.
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Activity of MRTX849 in Lung and Colon Cancer Patients

(A) Pretreatment and 6-week scans of a heavily pretreated patient with a KRASG12C
mutation-positive lung adenocarcinoma indicating 33% reduction of target lesions. Patient
continues on study. The top panels show a coronal view and bottom panels an axial view of
computed tomography (CT) chest images prior to MRTX849 treatment (left) and after two
cycles of MRTX849 treatment (right).

(B) Baseline, 6-week (Cycle 2) and 12-week (Cycle 4) scans of a patient with a KRAS®12C
mutation-positive colon adenocarcinoma. Partial response confirmed at Cycle 4 and patient
continues on study. Four lesions (TL1-4) are shown with axial views of CT images prior to
MRT X849 treatment (top), after two cycles of MRTX849 treatment (center), and after four
cycles of MRT X849 treatment (bottom).
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MRT X849 treatment /n vivo regulates KRAS-dependent oncogenic signaling and feedback

inhibitory pathways.

(A) Volcano plots displaying differentially expressed genes in xenograft tumors 24 hours
after oral administration of vehicle or 100 mg/kg MRTX849 in a representative MRTX849-
sensitive (H1373) and MRTX849-partially sensitive (H358) model. Significance denoted in

the legend (adjusted p-value < 0.01).

(B) GSEA heatmaps depicting Hallmark Signature pathways differentially regulated in at
least one model 24 hours following oral administration of a single 100 mg/kg MRT X849
dose compared to vehicle. Normalized Enrichment Score shown in all models 6 or 24 hours
after a single dose (QDx1) or five (QDx5) or seven (QDx7) days dosing.
(C) Genes that feedback inhibit MAP kinase signaling are down regulated following
MRT X849 treatment in all five cell line xenografts assessed by RNA-sequencing.
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Figure 6.
HER family and SHP2 inhibitor combinations further inhibit KRAS signaling and exhibit

increased anti-tumor responses.

(A) MRTX849 at 100 mg/kg, afatinib at 12.5 mg/kg or the combination was administered
daily via oral gavage to mice bearing the H2122 or KYSE-410 cell line xenografts (n=5).
Combination treatment led to a statistically significant decrease in tumor growth compared
to either single agent treatment. “*” denotes adjusted p-value < 0.01.

(B Quantification of KRAS mobility shift and pERK in H2122 cells treated for 24 hours
with MRTX849 (0.1 — 73 nM), afatinib (200 nM) or the combination assessed by western
blot densitometry.

(C) MRT X849 at 100 mg/kg, afatinib at 12.5mg/kg, or the combination was administered
once or daily for 7 days via oral gavage to mice bearing H2122 cell line xenografts (n=3/
group). Tumors were harvested at 6 and 24 hours following the final dose. Tumor sections
were stained with pERK and pS6 via immunohistochemistry methods. Quantitation of
images shown by H-score in tumor tissue. Reduction of pERK or pS6 staining intensity was
determined to be statistically significant relative to vehicle or either single agent using one-
way ANOVA. Brackets indicate p-value <0.05 compared to left-most sample.

(D) Quantitation of KRAS band shift and pERK after 24 hour treatment with MRTX849 (0.1
— 73 nM), RMC-4550 (1 uM) or the combination in H358 cells assessed by western blot
densitometry.

(E) MRTX849 at 100 mg/kg, RMC-4550 at 30 mg/kg or the combination was administered
daily via oral gavage to mice bearing the KYSE-410 or H358 cell line xenografts (n=5/
group). Combination treatment led to a statistically significant reduction in tumor growth
compared to either single agent on the last day of dosing. “*” denotes adjusted p-value <
0.05.

(F) MRTX849 at 100 mg/kg, RMC-4550 at 30mg/kg, or the combination was administered
via oral gavage to mice bearing KYSE-410 cell line xenografts (n=3/group) and tumors were
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harvested at 6 and 24 hours post dose. Tumor sections were stained with pERK, pS6 via
immunohistochemistry methods. Quantitation of images shown by H-score in tumor tissue.
Reduction of pERK staining intensity was determined to be statistically significant relative
to RMC-4550 alone using one-way ANOVA. Brackets indicate p-value <0.05 compared to
left-most sample.
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Figure 7.
CDK4/6 and mTOR combinations suppress independently hyperactivated downstream

pathways and exhibit increased anti-tumor responses.

(A) MRTX849 at 100 mg/kg, vistusertib at 15 mg/kg or the combination was administered
daily via oral gavage to mice bearing the H2122 or H2030 cell line xenografts (n=5/group).
Combination treatment led to a statistically significant decrease in tumor growth compared
to either single agent treatment. “*” denotes adjusted p-value < 0.05.

(B) MRT X849 at 100 mg/Kkg, vistusertib at 15 mg/kg, or the combination was administered
once or daily for 7 days via oral gavage to mice bearing H2030 cell line xenografts (n=3/
group). Tumors were harvested at 6 and 24 hours following the final dose. Tumor sections
were stained with pERK and pS6 via immunohistochemistry methods. Quantitation of
images shown by H-score in tumor tissue. Reduction of pERK or pS6 staining intensity was
determined to be statistically significant relative to vehicle or either single agent using one-
way ANOVA. Brackets indicate p-value <0.05 compared to left-most sample.

(C) Protein western blot analysis of KRAS pathway targets in H2030 xenografts treated with
MRT X849 (100 mg/kg), vistusertib (15 mg/kg) or the combination, six or 24 hours after a
single dose.

(D) Protein western blot analysis of KRAS pathway and cell cycle targets in H2122 cells
treated for 24 hours with MRTX849, palbociclib or the combination.

(E) Normalized RNAseq gene expression data on E2F targets in H2122 xenografts treated
with MRTX849, palbaciclib or the combination, six and 24 hours after a single or seven
daily doses.

(F) MRT X849 at 100 mg/kg, palbociclib at 130 mg/kg or the combination was administered
daily via oral gavage to mice bearing the H2122 or SW1573 cell line xenografts (n=5).
Combination treatment led to a statistically significant decrease in tumor growth compared
to either single agent treatment. “*” denotes adjusted p-value < 0.05
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